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PREFACE 

The most fundamental material problem that con- 
fronts the American people is the problem of food pro- 
duction, and it is of interest to know what is being done 
toward solving it. When it is realized that the popula- 
tion of this country is increasing much faster than its 
food production, it is obvious that such disparity must 
not continue. To state the problem is to raise the ques- 
tion whether it is possible to increase food production, 
and whether anything has been accomplished toward 
realizing such a possibility. 

It has been said that agriculture is the oldest art and 
the youngest science. So old is the art that those who 
practice it are in danger of shutting their eyes to what 
they may regard as impractical science, and yet the re- 
cent achievements of science in the study of heredity 
have made possible a revolution in plant-breeding. 
Along with the development of scientific plant-breeding, 
there has developed also an increasing knowledge of the 
soil, which in most of the history of agriculture has been 
treated empirically. The result is that it is possible now 
to obtain results from plants which were never dreamed 
of in the older agriculture. It is the purpose of this 
book to give an account of these possibilities. 
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PEEFACE 

The scientific work that has formed the basis of the 
recent practical achievements in plant-breeding needs to 
be interpreted to a very large audience, an audience in- 
tensely interested, but with no technical training. Im- 
portant results are being obtained that affect the welfare 
of everyone, and to some understanding of these results 
the public should be admitted. The public has received 
much information as to the needs and possibilities of agri- 
culture that is partial, and often misleading. In no sub- 
ject is there more misinformation as to the things that 
are essential, and this has arisen largely from a failure 
to appreciate all the factors involved. The need of an 
interpretation of the recent advances in plant-breeding 
is emphasized further by the growing interest in agri- 
culture, which has extended beyond the professionally 
interested agricultural colleges, and is penetrating sec- 
ondary schools everywhere. 

In addition to this growing audience of interested citi- 
zens, and of those interested in general education, there 
are the students of agriculture, and the large body of 
practical farmers who may find in this book some perspec- 
tive for xheir work, and a better appreciation of the im- 
portance of the task they have undertaken. Further- 
more, those interested chiefly in the scientific aspects of 
botany should become familiar with the important prac- 
tical applications of their subject. 

In short, this book is addressed to those who wish a 
simple statement of evolution and heredity; who wish 
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PKEFACE 

information concerning the revolution in plant-breeding ; 
or who wish a general introduction to the fundamental 
principles underlying agriculture. This should include 
citizens interested in the things that make for the public 
welfare, farmers, students of agriculture, teachers in the 
public schools, and botanists. 

John M. Coulter. 
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CHAPTER I 

VARIATION IN PLANTS 

In order to understand how it is possible to improve 
plants or to produce new ones, one must appreciate first 
how plants vary. If all the individual plants of a 
wheat field, for example, were exactly alike, there 
would be no chance to improve them or to produce 
from them new kinds of wheat. In fact, no two plants 
of a wheat field are exactly alike, although they may 
appear so to the untrained eye. We recognize indi- 
vidual differences in plants and animals only as we 
become well acquainted with them. For example, we 
have become so well acquainted with the individual 
differences of men that no two of them look to us ex- 
actly alike. If we were as well acquainted with the 
differences of wheat plants, no two of them would look 
exactly alike. We cannot recognize individual differ- 
ences equally well even in all races of men. The indi- 
viduals in a group of Chinese look more alike to most 
of us than do the individuals in a group of our fellow- 
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citizens. This suggests that one must be well acquainted 
with the distinguishing marks of a group of plants or 
of animals before he can appreciate how much they can 
vary. The first fact to appreciate, therefore, is that no 
two plants are exactly alike, even though they belong 




Figs. 1-2. — Leaf variation in the black oak {Quercus velutina) : Fig. 
1, an upper leaf, exposed to strong sunlight ; Fig. 2, shade leaf, 
from a lower branch of the same tree. — From Coulter, Barnes and 
Cowles' "Textbook of Botany." 



to the same species. They belong to the same species 
on account of their similarity, but at the same time each 
plant has an individuality of its own, which means that 
it differs in certain particulars from every other indi- 
vidual. The improvement of plants and the production 
of new ones, therefore, depend upon the fact of indi- 
viduality, which means that variation is universal. 



VARIATION IN PLANTS 

Variations in plants are of all degrees, from very 
small ones to very large ones. The variation may be 
so small that only the trained eye can recc^nize it, or 
it may be so large that anyone can recognize it. For 
example, two plants of the same species may differ so 
little in the breadth of their leaves that the difference 




would not attract attention; while two other plants of 
the same species may differ so much in the breadth of 
their leaves that they might raise the question whether 
they are really the same kind of plant. There is no more 
variable structure than leaves, a fact suggested in such 
illustrations as the leaves of the black oak (Pigs. 1 and 
2) and of the common Geum (Figs. 3-6) , Variations are 
often grouped as small and large variations, and there 
have been differences of opinion as to which kind is used 
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in producing new forms. It is obvious that a grouping 
on the basis of degree of variation is indefinite, for it 
is often impossible to determine when to stop calling 
a variation small and to begin calling it large. 

There is a much more fundamental difference in vari- 
ations, however, than difference in degree. Suppose an 
individual plant varies from others of its kind in hav- 
ing broader leaves. The difference in breadth may be 
small or great, but the kind of variation will be deter- 
mined when the seeds from the broader-leaved plant 
produce other plants. If these new plants of the next 
generation do not all continue the broader leaves, but 
produce also leaves of the usual breadth, the variation 
is called a fluctuating variation. This phrase implies 
that the variation fluctuates from generation to genera- 
tion, now appearing and now disappearing. In other 
words, it is not constant. It may be likened to a pendu- 
lum that swings back and forth through a certain range, 
but never remains fixed at any one point. It advances 
in a certain direction, but it always comes back. If the 
new plants of the next generation, however, all produce 
the broader leaves, and this character continues genera- 
tion after generation, it is called a constant variation or 
mutation. The range through which the pendulum 
swings has been changed permanently, and it does not 
come back to the narrower leaves. The significant dif- 
ference among variations, therefore, is not that they are 
large or small, but that they are fluctuating or constant. 
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VARIATION IN PLANTS 

A iarge variation may be a fluctuating one, and a small 
variation may be a constant one A fluctuating varia- 
tion cannot travel very far, for it has its limits and is 
always coming back; while a series of constant varia- 
tions may travel any distance, for the limits of variation 
change. 

The contrast between fluctuating and constant varia- 
tion may be made clearer by an illustration. Imagine 
a wild potato plant producing a crop of small tubers 
somewhat variable in size. This nieans that there is a 
variation toward larger tubers. If one of the larger 
tubers is planted and a second crop of tubers is pro- 
duced, the new crop will determine whether the varia- 
tion toward largeness is a fluctuating or a constant one. 
If the new tubers are just like those of the first crop, 
that is, a mixture of smaller and larger ones, the varia- 
tion is fluctuating. On the other hand, if the second 
crop contains only tubers of a larger size, the variation 
is constant. It is obvious that constant variations are 
especially useful in securing improvements that are 
permanent; ^hile fluctuating variations are very un- 
certain in their results. 

It must not be supposed that all kinds of plants are 
equally variable. Some are quite rigid in their char- 
acters, so that individuals of the same kind resemble one 
another as closely as individuals can. In other words, 
the range of the pendulum is very small. Not only do 
such plants maintain this narrow range of variation in 
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nature, but they usually resist all attempts to make 
them vary more widely under cultivation. Other plants 
are exceedingly variable, so that individuals of the same 
kind may be remarkably different; in other words, the 
range of the pendulum is very large. Such plants are 
called pUistic, because they can be molded into a great 
variety of forms. It is evident that, in improving plants 
or in producing new ones, the plastic plants are much 
more likely to respond to culture than the rigid ones. 
It must be remembered, however, that in producing new 
forms we wish plasticity, but after a desirable form is 
produced we wish rigidity. 

The breadth of leaves has been used to illustrate vari- 
ation, but it should be realized that all organs of plants 
vary and they vary in all directions. Leaves, stems, 
roots, flowers, and fruits all vary, but they do not 
necessarily all vary together. The picture of variation 
to carry in mind, therefore, is that of all parts of a 
plant varying more or less in any direction. When a 
plant is produced by a seed it will resemble its parents 
in a general way, but its different parts (organs) will 
vary more or less in character from the corresponding 
parts of the parents. This is what gives to the new 
plant an individuality of its own, by which it is dis- 
tinguished from all other plants of the same kind. This 
variation occurs not only in the appearance of the con- 
spicuous organs mentioned, but also in the internal 
structures; so that the plant varies in structure as well 
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as in form. Certain organs and certain structures are 
more subject to variation than others because they are 
more related to external conditions. For example, leaves 
are very directly related to varying conditions of water 
supply, light, and temperature, and in most cases may 
be expected to respond in varying dimensions, forms, 
and structures in a more obvious way than does a seed- 
vessel. This illustration must not be understood to im- 
ply that all variations are responses to changing ex- 
ternal conditions. There are other causes of variation 
that will be considered later. The fact to be enforced 
at this point is that, while all organs of a plant vary, 
some of them are more rigid than others. 

It must not be supposed that variation in form and 
structure is the only kind of variation, although it is 
the kind that makes plants appear different. Two plants 
may appear to be almost identical in structure and yet 
differ much in quality. This may be appreciated when 
the differences in the qualities of fruits and of grains 
are remembered. Wheat and corn and apples, for ex- 
ample, vary, not only in the appearance of the plants, 
but also in the quality of the grain or fruit, and it is 
this variation that is the more important in the breeding 
of such plants. The different qualities of grains and 
fruits mean variation in plant products, that is, varia- 
tion in the life processes. Variation in form and struc- 
ture may be called morphological variation ; while vari- 
ation in quality is physiological variation. When one 
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remembers the hundreds of kinds of apples of different 
flavors, and knows that they are all variations of a 
single kind of plant, he begins to realize how great 
physiological variation may be. If to this illustration 
is added the number of colors that a single kind of 
flower may produce, a variation that means different 
chemical products, the amount of physiological varia- 
tion possible becomes as impressive as the possibility of 
morphological variation. It should be recognized, how- 
ever, that physiological differences are not always asso- 
ciated with morphological differences. Since plant- 
breeding deals as much with quality as with structure, 
physiological variations which are invisible must be con- 
sidered as carefully as the visible morphological varia- 
tions. Since they may not be recognized by any external 
marks, physiological variations must often be discovered 
in other ways. An illustration of this situation may be 
obtained from the bacteria. Many bacteria which differ 
widely in their behavior seem to be exactly alike in ap- 
pearance. It is well known, for example, that when cer- 
tain bacterial diseases are suspected, physicians do not 
depend upon the microscope for the recognition of the 
bacteria, but upon ** cultures,'' which show the physio- 
logical reactions characteristic of each species. In fact, 
bacteria are plants which are very little differentiated 
morphologically, but are very much differentiated 
physiologically. This serves to emphasize the fact that 
the breeding of our cultivated plants, which vary both 
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morphologically and physiologically, involves a regard 
for both kinds of variation. 

The most convincing evidence of variation in plants is 
obtained from cultivated plants. Many of these have 
been under cultivation throughout the recorded history 
of the human race, and some of them have been changed 
so much that their wild originals cannot be recognized 
with certainty. When removed from the wild state and 
brought under cultivation, plants are subjected to new 
conditions, and they have responded in the development 
of variations unknown in their wild state. For this 
reason they become so unlike their wild relatives that 
they seem like entirely different plants. It is not merely 
the new conditions that are responsible for the varia- 
tions in cultivated plants which make them seem very 
different from their wild originals. Many of these vari- 
ations doubtless occur in the wild state, but they are not 
pei'petuated because they are not fitted for the wild con- 
ditions of living. Under the fostering care of man many 
variations are perpetuated which would have perished 
in nature. The artificial conditions of cultivated plants, 
therefore, not only probably induce certain variations, 
which otherwise would not occur, but chiefly they pre- 
serve and intensify variations which would perish in 
natural conditions. A good illustration of the power of 
a plant to vary extremely in several directions may be 
obtained from the species to which cabbage belongs 
(Figs. 7-14). All of our so-called ''vegetables" have 
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l)eea very much modified under cultivation, the part that 
we prize, as tuber (potato), fruit (tomato), leaf (let- 
tuce), etc., being most changed. The effect of cultiva- 
tion upon the tendency of plants to vary will be pre- 
sented more fully in the next chapter. Perhaps more 
impressive than the variations of cultivated plants, to 
most people, however, are 
the variations that have been 
secured in domesticated ani- 
mals. "When it is realized, 
for example, that the numer- 
ous races of dogs, varying so 
much in size and appearance 
as to suggest different spe- 
cies, have all descended from 
a common ancestral stock, 
the possibilities of variation 
seem to be without limit. 
The endless ' ' breeds " of 
pigeons also are as different in appearance as related 
birds can be ; while horses and cattle still further empha- 
size the possibilities of variation. 

The fact of variation was recognized long before any 
attempt was made to discover the causes. The study of 
the classification of plants, which is the oldest phase of 
botany, encountered variations continually. In fact, 
the tendency of plants to vary was a constant contra- 
diction of the old conception that species are cast in 
10 





Fros. 8-14. — Some of the forms dprlvod from wild cabbage : Fig. 8, 
wild cabbage; Fie- 9, cultivated eobbasc ; I'lg. 10, cauliflower; 
Fte. 11, Brussels aproutH ; Fig. 12, kale; Fig. 13, kohlrabi; Fig. 
14, collardB. 
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rigid moulds. The old collectors who secured plants for 
herbaria searched for what were called '* typical" rep- 
resentatives of a species, disregarding the numerous 
variations that did not seem to conform to what they 
thought the species ought to be. Accordingly herbaria 
are likely to give a wrong impression as to the variabil- 
ity of species. The selected individuals look quite uni- 
form and quite distinct from the group of individuals 
representing another species. Species of plants thus 
came to represent pigeon-holes into which individuals 
were sorted; only such individuals as belonged in the 
pigeon-holes were kept; any individual that seemed to 
belong to more than one pigeon-hole was disregarded. 
Of course, when the conception of the fixity of species 
came to be questioned, and the idea of evolution began 
to develop, the varying individuals that could not be 
assigned to pigeon-holes became the most interesting. 
When Darwin developed his theory of natural selection 
as an explanation of evolution, he recognized the great 
variability of plants and animals, and based his theory 
upon this fact; and of course every theory of evolution 
depends upon it. However, neither Darwin nor any of 
the earlier exponents of evolution attempted to explain 
variation; they simply accepted it as a fact. It has 
been in connection with the study of heredity rather 
than of evolution that attempts have been made to ex- 
plain variation. 

One of the obvious causes of variation is a change in 
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the conditions of living, a fact suggested by the remark- 
able variations that occur when plants are taken from 
the wild state and brought under cultivation. This is 
often called a ** change of environment.'' Environment 
is a very complex thing, so that, when plants are said to 
change as environment changes, the particular factors 
in the environment that cause the change remain to be 
discovered. Experiments have shown that a change 
from one natural environment to another causes plants 
to vary, as well as a change from a natural environment 
to the artificial one of cultivation. For example, seeds 
from plants of the lowlands when sown in alpine condi- 
tions produce plants that are not only much lower in 
stature, but also very different in general habit (Figs. 
15 and 16) ; and if the transfer is made from alpine to 
lowland conditions, the reverse result is obtained. It 
has been found that certain plants transferred from the 
interior to the seacoast become succulent (fleshy) ; while 
succulent plants of the seacoast transferred to the in- 
terior lose their succulence. 

But plants vary even when the conditions of living 
are not changed; and, therefore, in addition to these 
external causes of variation, which may be said to result 
in fluctuating variations, there are also internal causes 
connected with inheritance. Since no two individuals 
are exactly alike, and since usually two individuals are 
concerned in the production of a seed, the plant that 
comes from the seed will contain a combination of char- 
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acters from the two parents. Each individual has a 
new combination of characters, and for this reason no 
two individuals are exactly alike. The more unlike the 
two parents are, the more obvious become the variations 
in progeny, so that what seem to be really new kinds of 
plants may be produced. For example, two individuals 
of the same species usually produce progeny that do not 
differ very much from the parents ; but two individuals 
of different species produce progeny that may differ 
very much from either parent. When the parents do 
not belong to the same species or variety, their union 
is called crossing, and the result is a hybrid. The arti- 
ficial production of hybrids is one of the common meth- 
ods of obtaining new forms, but there is doubtless much 
crossing in nature, resulting in many hybrids and many 
new forms. In fact, it is very difficult to determine 
whether a given wild plant is a pure strain or a mixture 
of two or more strains. In nature, therefore, variation 
arises not only from the natural pairing of similar indi- 
viduals, but also from the crossing of unlike individuals. 
However, environment and inheritance taken together 
do not explain all the facts of variation. Most plants 
possess other methods of propagation than by seeds. 
For example, the potato is propagated by tubers, so that 
new individuals arise from a single parent stock. This 
is called vegetative multiplication, as distinct from sex- 
ual reproduction. In such cases it is found that the 
progeny vary less than if they came from seeds ; in other 
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words, they are more constant. But still they vary to 
some extent, although the environment has not changed, 
and there has been no combination of characters from 
two parents. All of this goes to show that, while we 
know some of the general causes of variation, there still 
remain causes that have eluded us. 

An important fact to remember in connection with 
variations is that, aside from those that appear in re- 
sponse to a changed environment, there are also those 
that appear without any reference to the environment. 
In fact, probably most of the variations that arise 
through inheritance do not find external conditions in 
nature favorable for their continuance. In other words, 
they are born into an ' ' unfriendly world. ' ' This means 
that a majority of the variations which appear do not sur- 
vive. Obviously the reason why cultivated plants be- 
come very different from the wild originals is not so 
much that the conditions of cultivation induce these 
particular variations as that they preserve them. It is 
for this reason, also, that when cultivated plants are un- 
cared for, which means left to nature, they either disap- 
pear or '*run back," for the natural conditions do not 
permit such variations. 

The adjustment of plants to their environment is 
usually spoken of as their adaptation. Certain plants' 
are said to be adapted to desert conditions, others to 
swamp conditions, others to alpine conditions, etc. If 
this merely implies that only certain kinds of plants can 
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live in these various conditions, then of course plants 
are adapted to various kinds of environment. But if 
adaptation is taken to mean that the plants have gradu- 
ally worked out structures suited to these various con- 
ditions of living, then it cannot be true, for plants must 
be ''adapted'' from the start to live at all. Their 
''adaptations" may become more efficient as they con- 
tinue to live in the conditions that require them, but 
they cannot start these adaptations after they l^egin to 
live in the conditions. A plant already "adapted'' can 
be found only among the innumerable variations that 
are continually appearing, and such plants survive in 
these conditions, while the others do not. Adaptation, 
therefore, is the selection of suitable forms rather than 
their production. 

SUMMARY 

Variation is a universal fact, no two individuals being 
exactly alike. It occurs in every degree, in all direc- 
tions, in all structures, and is physiological as well as 
morphological; it is either fluctuating (coming and go- 
ing) or constant (inheritable) ; it is much freer in some 
plants and structures (plasticity) than in others (rigid- 
ity) ; its best evidence is to be found in the great changes 
in every direction induced or preserved in plants when 
transferred from the conditions of nature to the condi- 
tions of cultivation; its causes are known to include 
changes in the conditions of living (environment) and 
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new combinations of characters through inheritance, but 
it occurs also when neither of these causes is operat- 
ing; it results in permanent forms only in the case of 
forms that are suited to the conditions of living, and 
these forms may be said to be adapted. 



CHAPTER II 

THE THEORY OF NATURAL SELECTION 

It seems to be a far cry from a theory of evolution to 
such practical things as the improvement of plants and 
the production of new ones, but it was the work upon 
evolutionary theories that laid the foundation for the 
scientific plant-breeding of to-day. . Conspicuous among 
the theories that have had this result are Darwin's 
theory of natural selection and DeYries' theory of mu- 
tation, and both of these theories should be understood 
in order to appreciate their bearing upon the revolution 
in plant-breeding. 

It should be understood that the idea of organic evo- 
lution is as old as our records of men's thoughts, and 
that no one can be cited as its author. The names that 
have come to be associated with it are the names of men 
who have attempted to explain it. It is one thing to 
accept a fact, and a very different thing to accept some 
proposed explanation of it. Organic evolution is ac- 
cepted by biologists as a fact, but no explanation as yet 
has seemed convincing to all of them. This has led to 
some misunderstanding among those who are not biolo- 
gists. For example, they may have heard that certain 
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biologists are criticizing Darwin's explanation of evo- 
lution by natural selection, and since in their minds 
Darwin is responsible for the idea of evolution, they 
infer that biologists are giving up evolution. It is 
obvious that Darwin's explanation and all other ex- 
planations that have been proposed could be criticized 
or even disproved, and still the fact of organic evolution 
remain to be explained. 

Speaking in a very general way, the history of organic 
evolution as a subject may be divided into three periods. 
The first period was that of speculation, and it came to 
an end approximately with the eighteenth century. Dur- 
ing that period, organic evolution was a philosophical 
speculation rather than a scientific subject; it rested 
upon abstractions rather than upon any definite body 
of facts. With the beginning of the nineteenth century 
evolution became a scientific subject, this second period 
being that of observation. In this period Darwin domi- 
nated, and all explanations of evolution rested upon an 
extensive body of observations. With the opening of 
the twentieth century the history of evolution passed 
into its third period, that of experimentation, and the 
subject is living in that period to-day. Putting the 
study of evolution upon an experimental basis must be 
regarded as a contribution by DeVries of more impor- 
tance than his theory of mutation. 

It is evident that in this discussion the speculative 
stage of evolution need not be considered, but we are 
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very much concerned with the two scientific stages, each 
of which will be presented by its most conspicuous 
theory. 

The theory of natural selection was announced by 
Darwin in 1858, and was published in full, with the 
evidence upon which it was based, in 1859, in the vol- 
ume entitled ' ' The Origin of Species. ' ' Probably no sci- 
entific book ever produced a more profound impression. 

It came at a psychological moment and was so convinc- 
ing that it started a revolution not only in the method 
of attacking biological problems, but also in the method 
of attacking all problems. The great influence of this 
book upon all regions of intellectual endeavor was testi- 
fied to in the various memorial volumes that appeared in 
connection with the Darwin centenary celebrations of 
1909. It is easy to understand the theory as it devel- 
oped through many years in Darwin's mind, and it is 
important to distinguish between the facts and what 

9 

seemed to be the inevitable conclusion. 

The first fact is the ratio of increase. Plants, and ani- 
mals increase by a geometrical ratio. For example, if 
a certain kind of plant produces an average of ten 
seeds, and each seed produces another plant, in nine or 
ten years there will be approximately a billion of these 
plants descended from the one individual. In this case 
10 is the constant multiplier in the geometrical ratio. 
Of course, all seeds do not produce plants, and acci- 
dents happen to many of the plants produced, but if 
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such plants were not interfered with their progeny- 
would cover the earth's surface in a few years. Darwin 
used the elephant to illustrate the possible result of a 
geometrical ratio of increase even with a very low rate 
of reproduction. Assuming that the production of young 
begins at thirty years, that six young are produced in 
the course of the next sixty years, and that an elephant 
lives one hundred years, the result in seven hundred and 
fifty years is 19,000,000 elephants from a single pair. 
In the case of the lower plants and animals, in which 
the generations succeed one another with great rapidity, 
the theoretical result is astonishing. The impression 
left upon one is that the power of reproduction is a 
thing not to be encouraged, but repressed; that if it 
ever had a chance to express itself to the theoretical 
limit, the results would be prodigious. The power of 
reproduction, with its geometrical ratio of increase, may 
be likened to the *' genie of the bottle''; if the stopper is 
removed, the genie fills the heavens. Sometimes the 
stopper is removed to a certain extent, as when rabbits 
were transported to Australia and found a region free 
from their natural enemies. With the natural checks 
removed, the ratio of increase could express itself more 
fully, and rabbits swarmed over Australia. The weeds 
that have become a menace in this country now and then, 
as the march of the so-called Russian thistle across the 
Continent, are explained in the same way. They are im- 
migrants that find their usual checks to increase re- 
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moved, and the actual rate of increase more nearly 
approaches the theoretical ratio than it could in the 
native country of the plants. 

The second fact is competition, or, as Darwin called 
it, ''the struggle for existence." With a geometrical 
ratio of increase, even all of the natural checks to in- 
crease cannot prevent the appearance of many more 
individuals than can be supported. The result is severe 
competition among individuals at various stages in their 
development. In the higher plants the first great weed- 
ing out of individuals arises from the fact that very 
many seeds do not get a chance to germinate. The next 
weeding out results from the competition among seed- 
lings, and from the unfavorable conditions surrounding 
seedlings. Relatively few seedlings that appear develop 
to maturity. For example, in a region of maples, the 
ground may be covered with maple seedlings in the 
spring, but hardly any of them ever become trees. The 
ratio of increase, therefore, results in competition. 

The third fact is the equilibrium of species. If a cer- 
tain kind of plant growing upon some natural area be 
observed season after season, it will be discovered that 
about the same number of individuals appear each year. 
When the ratio of increase is remembered, it is evident 
that competition has resulted in such a destruction of 
individuals that the number is not increased. In other 
words, the new individuals only replace the loss of old 
ones. This approximate uniformity in. the number of 
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individuals season after season is called the equilibrium 
of species. Every species in nature has established an 
equilibrium in a given set of conditions. When the con- 
ditions change the equilibrium is readjusted. If only 
enough individuals survive to replace the loss of old 
ones it is obvious that very many more individuals are 
produced than survive, for instead of a geometrical ratio 
of increase there is actually no increase. Thousands of 
seeds and eggs, seedlings and young animals, are pro- 
duced for every one that survives. In other words, 
death is the rule, and life is the rare exception. 

The fourth fact is variation, which was discussed in 
the preceding chapter. It was pointed out there that 
variation occurs in every individual, is often extensive, 
affects every region of the body, and occurs in every 
direction. In fact, it is variation that makes evolution 
possible, and every explanation of evolution has recog- 
nized this fact. 

The fifth fact is the effect of artificial selection. Ever 
since men began to select certain wild plants for culti- 
vation it has been known that these plants become 
changed under cultivation. In fact, in very many cases 
the changes have been so great that the wild originals 
are not recognized with certainty. If a plant were 
found in nature as different from other plants as are 
some cultivated plants from their wild originals, it 
would doubtless be regarded as a distinct species. The 
important fact is that cultivated plants have gradually 
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changed in accordance with the needs or tastes of man 
(Figs. 7-14). This indicates that the changes have been 
guided by man, and it is important to know what he has 
done. The common potato may be used as an illustra- 
tion. The wild potato grows in the mountain regions of 
the southwestern United States and Mexico, but it has 
very small tubers. Under cultivation the tubers have 
increased in size, and the method used has been to select 
the largest tubers for propagation. This selection for 
size, continued generation after generation, resulted 
eventually in such tubers as are cultivated now. It is 
evident that man took advantage of variation in the size 
of tubers, and guided it toward increasing size by a con- 
tinuous selection for size. This selection is called arti- 
ficial simply because it is done by man and not by na- 
ture. To show that man has really guided the changes 
in cultivated plants, and that they have not occurred 
in spite of his operations, the chrysanthemum may be 
used as a second illustration. In this case a structure 
very different from a tuber, namely, the flower, is se- 
lected for changing. The wild chrysanthemum has 
small flowers, but continuous selection for size has re- 
sulted in remarkably large flowers. Conversely, selec- 
tion for smallness has resulted in producing a calla lily 
with much smaller flowers than those of the wild origi- 
nal (Fig. 17). "Without multiplying illustrations 
further, it is evident that the variations of plants in 
cultivation have been guided by man in any direction 
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of his choice, resulting in changes so great that the 
plants become remarkably different from their wild an- 
cestors. The cultivation of plants has been called *'an 
experiment upon a gigantic scale/' both as to time in- 
volved and the amount of material handled, showing 
how artificial selection may result in great changes. 

With such facts before him, Darwin concluded that, 
if artificial selection can produce such changes, the same 
sort of selection is going on in nature, resulting in pro- 
ducing new species from old ones, no more change being 
demanded than artificial selection had often secured. 
Since such a selection is done by nature rather than by 
man, the appropriate name for it is natural selection, 
and this was Darwin's explanation of the origin of 
species, which is evolution. Nature can be personified 
as doing with native plants what the gardener does with 
cultivated plants, but it must be explained how nature 
can be said to ** select." The explanation is found in 
the series of facts given above. The ratio of increase 
results in the production of many more individuals than 
can survive. This leads^ to competition, the so-called 
''struggle for existence," and by means of this compe- 
tition nature selects. Since no two of the competing 
individuals are alike, the peculiarities of any survivor 
represent a favored variation, just as largeness has been 
a favored variation in the potato tuber or in the chrys- 
anthemum flower. If the same variation is favored in 
succeeding generations, then nature is selecting for one 
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kind of variation just as the gardener has done, and in 
time this variation will become large enough to repre- 
sent another species. It is evident that nature must be 
as persistent in her choice as man has been, and Darwin 
concluded that this is secured by the fact that the indi- 
viduals which win in the competition do so because they 
are better adapted (more ''fit") to live in the existing 
conditions. So long as the conditions of living remain 
the same, therefore, the same variations will be selected 
for survival and thus continuous selection is secured. 
This is what Herbert Spencer called the ''survival of 
the fittest," but which has also been called the "destruc- 
tion of the unfit." The closing paragraph of "The 
Origin of Species" admirably summarizes the theory of 
natural selection: 

"It is interesting to contemplate a tangled bank, 
clothed with many plants of many kinds, with birds 
singing on the bushes, with various insects fiitting about, 
and with worms crawling through the damp earth, and 

to, reflect that these elaborately constructed forms, so 

♦ 

different from each other, and dependent upon each 
other in so complex a manner, have all been produced 
by laws acting around us. These laws, taken in the 
largest sense, being Growth and Reproduction; Inheri- 
tance which is almost implied by reproduction; Varia- 
bility from the indirect and direct action of the condi- 
tions of life, and from use and disuse: a Ratio of 
Increase so high as to lead to a Struggle for Life, and 
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as a consequence to Natural Selection, entailing Diver- 
gence of Character and the Extinction of less-improved 
forms. Thus, from the war of nature, from famine and 
death, the most exalted object which we are capable of 
conceiving, namely, the production of the higher ani- 
mals, directly follows. There is a grandeur in this view 
of life, with its several powers, having been originally 
breathed by the Creator into a few forms or into one; 
and that, whilst this planet has gone cycling on accord- 
ing to the fixed law of gravity, from so simple a begin- 
ning endless forms most beautiful and most wonderful 
have been and are being evolved." 

In recent years more extensive work has uncovered 
some objections to Darwin's explanation of the process 
of evolution. These objections are not all pertinent to 
our purpose, for the fact remains that man can take 
advantage of variations and manipulate them for his 
own ends. Whether nature in some such way produces 
new species need not concern us. But it is important to 
know how far these objections may indicate the limita- 
tions of artificial selection as a method for improving 
old forms and securing new ones. If natural selection 
is unable to produce new forms, the inference is that 
artificial selection is limited in the same way. If the 
selection by nature is haphazard, without any reference 
to the *' fitness" of the selected individual, then the so- 
called "adaptation" of plants to various conditions by 
artificial selection becomes a doubtful performance. If 
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the changes attributed to natural selection are brought 
about in some other way, the inference is that artificial 
selection needs analysis to discover whether it is the real 
cause of the changes in cultivated plants. 

An early objection to Darwin's explanation was that 
the forms produced under the guidance of man, when 
left to nature, **run back'' to the wild state, the inference 
being that in nature the changes would not have been 
produced ; and that the changes produced by cultivation 
are simply due to the abnormal conditions imposed upon 
plants. This objection, of course, is not a valid one, 
because man and nature are not likely to select the same 
variation, so that a variation selected by man is prob- 
ably a very unfavorable variation in nature; in other 
words, a man-developed form would be an '* unfit" form 
in nature. The very fact that nature changes an arti- 
ficially developed form back to the favored structure in 
nature supports the theory rather than opposes it. It 
certainly indicates that a certain fitness for the condi- 
tions of living is necessary if an individual is to sur- 
vive, and that this fitness can be developed by suppress- 
ing the more unfit in each generation. 

Another objection advanced is that although a series 
of small variations may be piled up by continuous selec- 
tion, securing what has been called a '* cumulative ef- 
fect," there is no evidence that such piling up can go 
on until the boundary of the species is crossed. In other 
words, there is a limit to such variations, and with all 
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the variation that can be obtained in this way the 
resulting plants are still the same species. This objec- 
tion has to do with fluctuating variations, which in the 
previous chapter were likened to the swinging of a pen- 
dulum. The range of the pendulum is greater in some 
species than in others, but it can never pass be- 
yond a fixed limit. If this objection is a valid one, then 
it would seem hopeless to attempt to secure new forms 
by selecting among fluctuating variations. It must be 
remembered, however, that the limits of species are 
merely the expressions of varying human opinions. Just 
what constitutes a species is not much easier to define 
than evolution is to explain. What are called species 
are often connected by complete series of intergrading 
individuals, so that the species boundary is arbitrary. 
'^Species" are freely broken up by investigators into two 
or more species ; while in other cases two or more species 
are merged into one. In other words, a species is not a 
recognized unit with definite boundaries. To say, there- 
fore, that artificial selection, and, by inference, natural 
selection, have never carried a variation across the spe- 
cies boundary is to talk of a limit that exists only as a 
convention. 

It is the idea of ** adaptation" that is associated with 
natural selection which has brought the most trouble. 
When this idea was first presented it was a captivating 
one, and great ingenuity was displayed in explaining 
the fitness of the forms that survived. For example, 
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thorns were said to be established by selection, because 
their presence is a protection against grazing animals. 
It is known now that thorns prevail chiefly among plants 




Figs. 18 akd 10.— Two plants of common gorso or tunc (Vlex), show- 
ing tbo effect of cnvlroameDt : Fig, IS, a plant growo under moist 
conditions; Fig, 19, a plant grown under dry conditions, tbc leaves 
and branches having developed as thorns. — After Lothelteb. 

in regions peculiarly free from grazing animals; and 
that, even if grazing animals are present, the thorns do 
not appear in the early stages of the plant, when they 
are most needed. Conversely, the plants chiefly at- 
tacked by grazing animals are singularly free from 
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thorns. Experimental work has shown that thorns are 
merely responses to poor nutrition (Figs 18 and 19), 
and that they may or may not become an established 
character. 

It is a well-known fact that many seeds, especially 




Fia, 20. — Watcr-coDductiDg vrasels. 



those of arid regions, develop a testa so hard that it 
interferes with the breaking through of the embryo; 
!n fact, it is becoming evident that, if selection is work- 
ng in these cases, it is working toward "over-adapta- 
tion." A striking case is that of the water-condueting 
vessels of plants which do not perform their very im- 
portant function until the cells are dead {Fig. 20). 
Just how a group of dead cells performing a mechanical 
function could have been built up by natural selection 
is hard to imagine. 
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Many such cases could be cited, and they are playing 
havoc with all the well-known *' adaptations" of bo- 
tanical literature. It must not be inferred, however, 
that such cases destroy all faith in natural selection, 
but they do tend to weaken faith. That there must be 
selection no one can deny, but when the selection includes 
unfavorable 'as well as favorable characters, it seems to 
have lost its motive. It seems evident that the selection 
of individuals holds no necessary relation to their useful 
characters. In short, natural selection simply means the 
destruction of certain individuals, and the preservation 
of others; and those that survive may be no better 
''adapted" than. many that are destroyed. 

The most fundamental objection to the theory of nat- 
ural selection, however, is that it cannot originate char- 
acters ; it only selects among characters already existing. 
If attention is restricted to some large genus, as Aster, 
the origin of its numerous species by natural selection 
seems a reasonable conclusion. The variations are end- 
less and in every direction, and the intergrades are 
numerous. The genus has a definite group of characters 
and the species are simply varying expressions of these 
same characters. The pattern changes as in the kaleido- 
scope, but nothing new has entered into the combination. 
But when the genus boundary is crossed, and still more 
when the boundaries of the family are crossed, abso- 
lutely new characters are met on every hand, and yet 
relationship is still evident. In passing from one great 
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group to another, evidently related to it by descent, but 
differing in the presence of new characters, one must 
raise the question, how could such characters have 
arisen by selection when as yet they did not exist? In 
other words, selection can only operate upon structures 
already present; to start an entirely new structure is 
not selection. 

So far as plant-breeding is concerned, the conclusion 
to draw from these objections, so far as they are valid, 
is that artificial selection^ can increase any variations 
that exist, but that it cannot originate new forms. In 
other words, it may improve existing forms, but it can- 
not produce new ones. Furthermore, artificial selection 
may secure a variety of forms adapted to a variety of 
conditions, but it cannot deliberately adapt an unsuit- 
able form so that it will become suitable ; that is, it can 
increase the suitability of a form, but it cannot make it 
suitable. 

SUMMARY 

Darwin's theory of natural selection as an explana- 
tion of the origin of species is based upon the following 
facts: universal variation; the geometrical ratio of in- 
crease of living forms, resulting in severe competition 
(the *' struggle for existence''), which destroys indi- 
viduals less suited to the conditions of living, and spares 
those better suited; the striking results obtained with 
cultivated plants and domesticated animals by continu- 
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V 

ous selection (artificial selection), changes so great hav- 
ing been secured that, often the wild originals cannot be 
recognized. From these facts the conclusion is drawn 
that a similar selection is going on in nature, the means 
of selection being the competition which follows from 
the ratio of increase and results in ''the survival of the 
fittest. " 

The important objections are that the piling up of 
small variations by selection reaches a limit before the 
species boundary is crossed ; that many unfit forms sur- 
vive ; and that selection cannot originate anything new. 

The application of the theory and of the objections to 
it in plant-breeding is that forms can be improved by 
selection, but that they cannot be ''adapted," and new 
forms cannot be produced. 



CHAPTER III 

THE THEORY OF MUTATION 

A second theory of evolution that had a very direct 
effect oh plant-breeding was published by DeVries, of 
Amsterdam, in 1901. The experimental work upon 
which this theory was based had a very important in- 
fluence in putting the study of evolution upon an ex- 
perimental basis, which may be regarded as the modern 
period in the history of evolution. During this period 
students of evolution ceased to be interested in the 
speculative genealogies of plants, because such geneal- 
ogies could not be demonstrated. They confined them- 
selves to an extensive investigation of the problem of 
how one species arises from another. If this can be 
demonstrated, the explanation of evolution will be se- 
cured, and just how the various great groups of plants 
have arisen is of relatively small importance, because it 
is beyond the reach of experiment. In the origin of in- 
dividuals, for example, the fact that one individual 
arises from another is the important fact, even if it is 
impossible to trace the exact ancestry of every indi- 
vidual. DeVries was conspicuous among those who 
introduced experimental methods for the study of evo- 
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lution, thus narrowing the study to the region of pos- 
sible demonstration. 

More than a quarter of a century ago DeVries 
discovered an American evening primrose (Oenothera 
Lamarckiana) in a waste field in Holland, where it had 
been introduced and was multiplying rapidly (Fig. 21). 
In association with it were certain unknown and very 
distinct forms, the association suggesting that they had 
been derived from the normal 0. Lamarckiana. Seeds 
were secured from the normal plants, and cultures were 
begun in the Botanical Garden of the University of 
Amsterdam, and from the first sowing another form was 
obtained. Then DeVries began a long series of pedigree 
cultures, and continued them through several genera- 
tions before announcing his theory. Quite a number 
of distinct forms were secured from 0. Lamarckiana, 
appearing among the ordinary progeny in about the 
proportion of 1.5 per cent. (Figs. 22 and 23). Some 
of these varying forms appeared repeatedly, some ap- 
peared only once, and upon subjecting them to pedigree 
culture they bred true to their characters. The con- 
clusion was that the new forms arose suddenly, without 
any intermediate forms, and remained distinct from the 
parent plant. These suddenly appearing and constant 
forms proved to be good species, that is, they had the 
characters that had been used in distinguishing species 
of Oenothera. Moreover, they were species that had 
never been described before, and have never been found 
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wild since, so that if 0. Lamarckiana had been ''throw- 
ing them off, ' ' they had not survived in nature. These 
new species were fully equipped species from the start, 
coming from the parent form ''in a single bound," and 
were not built up through generations by a slow accumu- 
lation of small variations. This kind of variation was 
called a mutation, and DeVries concluded 'that speciies 
arise from other species in this way. Of course such 
extreme variations had been noted, and were commonly 
called "sports," but no particular significance had been 
attached to them. 

The notable difference, however, between these varia- 
tions and the ordinary fluctuating variations was not 
so much the amount of the variation as its constancy, 
and it is constancy that is used as the test of a species. 
If species originate by such sudden jumps, DeVries 
points out that the role of natural selection is not to 
produce new species, but to select among those already 
produced. In other words, these "mutants" occur in 
every direction, and many of them are not equipped to 
continue in the conditions of nature ; so that many dis- 
appear, and some survive, which of course is a natural 
selection of species. 

If new species are produced by mutations, rather than 
by the slow, cumulative effects of natural selection, it 
becomes necessary to explain the extensive changes ef- 
fected by artificial selection. It will be remembered 
that Darwin used the long experience of man with arti- 
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ficial selection to support his claim that a similar process 
in nature produces new species. The common view was 
that artificial selection results in large changes by pil- 
ing up small, fluctuating variations generation after 
generation. In fact, such slow, cumulative changes are 
matters of definite experience in the cultivation of 
plants, resulting in '* improvements, " as they may be 
called. Improved races, produced by artificial selection 
through a succession of generations, are being announced 
every year. 

In examining all the available records of the experi- 
ences of plant-breeders, DeVries could find no evidence 
that the so-called ''improvements" ever stood for new 
species, since they did not stand the fundamental test of 
constancy. The ''improvements" did not persist except 
by continued selection, and the changes induced, there- 
fore, were fluctuating variations rather than fixed 
changes. In searching through the vast number of 
changes in plants brought about by the operations of 
man, DeVries was able to find a few that seemed to be 
really new things, as indicated by their constancy. In 
examining the history of these new thingsj so far as it 
was available, he found that they were not produced by 
long-continued selection, but appeared suddenly as soli- 
tary individuals, with established characters, and some- 
times new characters, that bred true generation after 
generation. In other words, they had appeared as 
mutants rather than as the result of artificial selection. 
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If the conclusions of DeVries are to be accepted, there- 
fore, the breeding of plants by artificial selection re- 
suited generally in ''improvements," which are not 
constant; and occasionally ''mutants'' appear, which 
are constant, and therefore answer the test of new 
species. For example, in Burbank's cultures of dahlias 
there appeared a single individual with lavender fra- 
grance, so noticeable, in fact, that the fragrance was 
detected before it was associated with the plant. This 
unusual quality for a dahlia had never been known be- 
fore, and if it had been left to be mixed with ordinary 
dahlias it would probably have disappeared. But this 
individual was pedigreed, the unique character reap- 
peared in all of its progeny, and in this way a race of 
lavender-scented dahlias was established. This char- 
acter is, of course, a physiological one, but it proved to 
be associated with morphological differences also, so 
that this suddenly appearing new race was distinct, had 
not been built up gradually by selection, and remained 



constant. 

The application of the theory of mutation to practi- 
cal plant-breeding became at once apparent. It might 
be used in securing in great numbers desirable new 
forms which had appeared so rarely in connection with 
artificial selection, and then, not because of it. The 
method suggested would be an indefinite multiplication 
of individuals, and then a search among them for new 
and desirable forms. In other words, new forms need 
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not be produced, but found. Inferentially, variation is 
so constant and diverse that any form desired might 
occur, if only individuals enough were secured. An- 
other practical advantage suggested was constancy. 
Merely improved races never remained constant except 
by continuous selection. When they came into the 
hands of the farmer, for example, who could not be 
expected to contini^e the careful selection practiced by 
the professional plant-breeder, they began to deteriorate, 
season after season, so that the farmer was compelled 
to secure new supplies of ''guarded stock.'' While this 
worked to the advantage of the seedsmen, it was a 
handicap to the farmer. A scheme, therefore, which 
could secure numerous new forms rapidly, and at the 
same time insure their constancy, was a great simplifi- 
cation of the problems of practical plant-breeding. It 
remained, however, to prove that mutations are gen- 
eral, and can be depended upon to supply all the de- 
sirable variations that the cultivation of plants de- 
mands. 

The announcement of the theory of mutation natu- 
rally raised the question whether all plants are produc- 
ing mutants, or whether this phenomenon is peculiar 
to the evening primrose studied by DeYries. That 
other plants have produced mutants occasionally in 
cultivation seems to have been shown, but is the mu- 
tating condition found among wild plants in general? 
Since the recognition of mutants requires generations 
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of breeding, the search for mutating plants has ad- 
vanced slowly, but quite a number have been found. 
For example, the very common ''shepherd's purse" is 
evidently mutating just as freely as is the evening 
primrose. The appearance of a mutant in 1912 in a 
field of tobacco is interesting. On a Connecticut to- 
bacco plantation, in a field including about one hun- 
dred acres, one plant was observed very much taller 
than the others, with more leaves, and with other dis- 
tinguishing characters. A careful search discovered 
two other such plants. From one of these plants, re- 
moved to the Connecticut Agricultural Experiment 
Station, 5,000 seedlings were obtained. They remained 
true to type. This suddenly appearing type answers 
thus far all the tests of a mutant that can be applied in 
so short a time. 

On the other hand, many plants have been tested 
with negative results, no evidence of mutations being 
obtained. It seemed obvious to DeVries that many 
plants are not in a ''mutating condition," and that 
probably mutating plants are not in this condition all 
the time. For example, 0. Lamarckiana is a native of 
the United States, but it seems to have disappeared 
completely from >qur flora, for it has been searched for 
diligently. The evidence seems clear that a century 
or more ago it was a constituent of the flora of our 
Atlantic seaboard. If it were mutating then as freely 
as it is now, wherever it is under cultivation, it would 

46 



THE THEORY OF MUTATION 

be expected that some of its mutants would remain as 
members of our flora, or, at least, that they would have 
been discovered and described as 0. Lamarckiana was, 
but the mutants that have come from this form re- 
peatedly under cultivation are forms that have never 
been seen in nature. For this reason DeVries con- 
cluded that the "mutating condition represents a par- 
ticular period in the history of a plant, so that plants 
in this condition now may cease to produce mutants 
presently, and plants not in this condition now may 
produce mutants later. Of course, this is merely a 
speculation without any knowledge as to the meaning 
of the *' mutating condition,'' but it is one method of 
stating that mutation is not a universal or constant 
phenomenon. 

The behavior of 0. Lamarckiana suggested to De- 
Vries one of two alternative conclusions: either this 
plant was producing new species (mutants), or it was 
a hybrid that was splitting up into the different species 
that had combined to produce it. To settle this ques- 
tion, DeVries sought to discover a test for a hybrid, 
and in so doing discovered the work of Mendel, which • 
had been lost to the world for many years. Mendel 
was an Austrian monk who had worked with hybrids, 
and had discovered a law of inheritance that is now 
called by his name. ** Mendel's law" will be considered 
in another chapter, but, at this point, it may be said 
that it may be used «ls a test for hybrids. For exam- 
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pie, a hybrid plant ''splits up" in its progeny in a cer- 
tain definite proportion; a certain number of the 
progeny resembling one parent, a certain, number 
resembling the other parent, and the remainder retain- 
ing the mixed characters of both parents. Upon apply- 
ing this test to his evening primrose, DeVries concluded 
that it did not act like a hybrid, for Ihe new forms it 
produced were far too few to represent the ratio of a 
splitting hybrid. For example, approximately 50 per 
cent, of the progeny of a hybrid should resemble one 
parent or the other; while the new forms produced by 
the evening primrose averaged only about 1.5 per cent, 
of the progeny. DeVries concluded, therefore, that he 
was dealing with a ''pure strain" and not with a hy- 
brid. He realized, of course, that many so-called 
"species" in nature are hybrid mixtures, and that pure 
strains can be secured only by continuous and guarded 
pedigree culture. If a pure strain can "throw off" 
new species, then mutation certainly becomes a method 
of evolution. The exact definition of a mutant, there- 
fore, is a new species produced in a single generation 
by a pure strain. Since most plants seem to be mix- 
tures of varying complexity, a pure strain can only be 
recognized by rigid pedigree culture. To call plants 
mutant's, therefore, on the basis of inspection, is entirely 
untrustworthy. 

Those who are opposed to the theory of mutation 
claim that 0, Lamarckiana is a hybrid mixture, and 
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that the ''mutants" are simply the products of a split- 
ting hybrid which do not follow the Mendelian ratio. 
Much experimental work has been done in attempting 
to prove this claim, the difficulty of the proof lying 
chiefly in the fact that 0. Lamarckiana has disappeared 
as a wild plant and is known only as an introduced 
plant and in cultivation. Of course, the theory of mu- 
tation is still on trial, for the time has been far too 
short to test it. Naturally it has been accepted with 
great enthusiasm by some as settling the method of 
evolution; on the other hand, it has been rejected as 
positively by others. In neither case is the opinion 
based upon adequate evidence, and, in all probability, 
the truth lies somewhere between the two extreme views. 
"When two groups of competent men are at opposite 
extremes of opinion they are stimulated to make ex- 
treme claims, and the truth is probably somewhere in 
the neutral ground between them. 

No one doubts the facts reported by DeYries in ref- 
erence to his evening primrose, or the conclusion that 
his ''mutants" are good species. But it is still allow- 
able to ask two questions. Is mutation a phenomenon 
of plants and animals in general, or, is it only an 
exceptional phenomenon? If it is true in general, then 
possibly new species in general appear as mutants. If 
it is an exceptional phenomenon, then new species may 
appear occasionally as mutants. In other words, the 
answer to this question will determine whether mutation 
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is a rule or an exception. The other question is, are 
mutants new species, even if they are good species? 
May they not be old species disentangled from a hybrid 
mixture? Mendel's law seems to answer this question 
in the negative, but is Mendel's law infallible? There 
are facts accumulating which seem to indicate that it 
is not. 

In all probability, mutation is one way in which 
new species have appeared; and natural selection may 
be another way; and in addition to these there are 
probably other ways. In other words, we can hardly 
expect to find a solitary method for evolution ; to explain 
it we will probably need all of the explanations that 
have been offered and many more besides. 

"Whether mutation stands as a general explanation of* 
evolution or not, the work of DeVries opened up a 
method that has proved of immense service in the 
practical cultivation of plants. 

There has been some attempt to discover the cause 
of mutation. It seems obvious that it results from some 
change in the *'germ plasm" — that is, the living sub- 
stance of the sexual cells. Some experiments have in- 
dicated that any *' disturbance" of the germ plasm, 
which means an abnormal condition, may result in a 
mutant (Figs. 24 and 25). If this is true, mutation 
does not depend upon a particular period in the his- 
tory of a plant, but may occur at any time if the germ 
plasm is altered. In other words, it is dependent, not 
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upon a period, but upon a condition. This suggests 
that it is not too much to expect that at some time 
when the conditions that favor mutation are known 
and under control, mutations may be multiplied arti- 
ficially and desitable new forms secured in this way. 

SUMMABY 

The theory of mutation as an explanation of the 
origin of species was based upon the experimental study 
of Oenothera Lamarckiana (evening primrose) through 
many generations. During this experimental work it was 
observed to give off a variety of new forms in every gen- 
eration in very small proportion to the total progeny. 
These new forms proved to be good species, not merely 
in their superficial characters, but chiefly in their con- 
stancy, showing no tendency to **run back'' to the parent 
stock. 

This mutating condition has been observed in other 
plants and in animals, but since its recognition requires 
carefully guarded cultures through several generations, 
the extent to which it occurs in nature is unknown. 

The argument against mutation is that mutating 
plants are hybrids, and therefore the appearance of 
** mutants" is the splitting of a hybrid. It would fol- 
low that the forms that are thrown off in a single gen- 
eration do not represent the appearance of new species 
but the reappearance of old ones that have formed the 
hybrid mixture. 
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The practical application of the theory of mutation 
to plant-breeding is that it suggests a method of secur- 
ing new and constant forms, as contrasted with the in- 
constant improvements of the old method of artificial 
selection. 



CHAPTER IV 

SOME SUPPLEMENTAKY THEOEIES 

There are certain other theories of evolution which 
deserve brief mention. They are not so definitely asso- 
ciated with authors and have not been developed so 
fully and independently as are the theories of natural 
selection and mutation, but they must be included in 
any consideration of organic evolution. 

The theory of orthogenesis is coming to be a promi- 
nent one and is being supported by an increasing num- 
ber of investigators. Probably the first adequate state- 
ment of the conception was made by Naegeli in 1883, 
- then Professor of Botany at Munich, who called it ' ' pro- 
gressive evolution." Naegeli insisted that each species 
is compelled by some internal cause, something in its 
constitution, to develop into new forms independent of 
environment and independent of any struggle for 
existence. Like a train upon a track, there is progress 
in a given direction; that is, there is persistent varia- 
tion in certain definite and predetermined lines, a kind of 
variation that has been called ''determinate variation,'' 
as contrasted with ordinary ''indeterminate variation." 
The probability of orthogenesis becomes impressive 
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when one turns from closely related species, and con- 
siders how great groups have arisen from one anotlier. 
For example, in such a group as Gymnosperms there is 
material available for study representing a tremendous 
stretch of history, at least from the middle Paleozoic 
to the present time. Through all this stretch of his- 
tory, in spite of all imaginable changes in external con- 
ditions, certain structures have changed steadily in one 
direction. A few illustrations will make this situation 
concrete. 

Gymnosperms seem to be about the least plastic of 
the great groups of land plants. There is among them 
little or no visible response in nature to changing con- 
ditions of the most extreme kinds. It would seem that 
selection among these relatively invariable forms can 
hardly be more than the accident of crowding. Cer- 
tainly, one can lay hold of no kind of variation in na- 
ture that even suggests the coming characters of an- 
other species, much less of another genus or family. 
And yet, the group as a whole shows that certain dis- 
tinct evolutionary tendencies have been worked out in 
a progressive way. 

For example, the plant which produces the female 
sex organs, known as the female gametophyte, is not 
only in the midst of an ovule invested by a thick integu- 
ment, but it is also directly inclosed by the heavy wall 
of the spore that produced it. If any structure is shut 
away from the influences of a changing environment, it 
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would seem to be this one. And yet, through the whole 
series of Gymnosperms, this gametophyte shows a pro- 
gressive transformation. In the more primitive forms 
it matures as a relatively large mass of tissue, and late 
, in its history the female sex organs appear. In the first 
stage of its development it consists of a large number 
of free nuclei; in the second stage walls appear and a 
tissue is formed; and in the last stage this tissue grows 
and finally produces the sex organs with their eggs. 
The constant tendency throughout the whole group is 
to produce the sex organs earlier and earlier in the 
history of the gametophyte. A series can be arranged 
illustrating the appearance of the sex organs at what 
might be called the mature stage of the gametophyte 
at one extreme; then their appearance at earlier and 
earlier stages of the tissue development, until they 
appear with fhe first formation of walls; and finally, 
at the other extreme, the eggs appear at the stage of 
free nuclei. This progressive slipping back of the egg 
in the development of the gametophyte holds no rela- 
tion to any change in fertilization, for that is a pro- 
longed process among Gymnosperms. Taking the group 
as a whole, this is not a sporadic change, occurring here 
and there, but the two extremes given are the two ex- 
tremes of the Gymnosperm line. This kind of progres- 
sive change is beyond the reach of experiment, and its 
explanation is beyond the reach of imagination as yet. 
The same kind of progressive change is shbwn in the 
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embryo of Gymnosperms. In the moat pnmitive con 
dition the first stage of embrjo formation is extensile, 
free nuclear division, the nuclei being distributed 
through the fertilized egg; after this walls are formed 
and the egg becomes filled with tissue called the pro- 
embryo (Fig. 26). Throughout the Qymnosperm series 
there is a steady reduction in the number of free 
nuclear divisions, and with ^-lr~' """^ 

it a reduction in the amount ^ 
of proembryonic tissue, so 
that finally this tissue oc- 
cupies a very small part of 
the fertilized egg {Fig. 27). i 

All this change has taken '^ ^ ^ 

place further from outside 
influences than the change '- 

in the gametophyte, for the ^ 

emoryo is imoeaaea in tne ^^^^^^ ^^^ ^^^ ^j^^ ^^^^^^ _ 

gametophyte. *'*" SrEiSEUBrER Iirom 

Coulter Barnes and Cowlea 

It may be claimed that Teitbook of Botany 

these are not the characters that students of classifica 
tion use in distinguishing species Thi*! is true, but 
they are just the characters that distinguish great 
groups, and represent the advancement of the plant 
kingdom as a whole. It so happens that both the 
progressive changes noted above as ocLurnng among 
Gymnosperms culminate among Angiosperms Thev 
represent, therefore, progressive changes occurring 
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steadily throughout the history of seed plants. It 
may be said tliat in snch cases we are doaling 
with structures that have ceased to be useful, and 
therefore are being gradually eliminated. No one 
^ can &av how useful they are, but no 

i one can deny that they are func- 

tional 

Natural selection, mutation, and 
* oi-thogenesis are not mutually exclu- 
^ sive theories, since they all deal with 

•K variations Natural selection deals 
with fluctuating variations, usually 
small anl m e\erv direction. Mu- 
tation deals with constant variations, 
usuallj large and in e\ery direction. 
J f Orthogenesis deals with small or 

W**- y large variations which for some rea- 

Fia 27'^Proembrjo ''on persibt an 1 increase from geue- 
ot a pino com^ ration to generation carrying for- 

cpUs at one end ward the group as a whole. It is one 

of the OES.— From _ , 

Coulter. Bfirnes thing to pass fpom species to spe- 

■•Teiitbook ofBot- clcs Within the limits of a small 
'^^■" natural group, and a very different 

thing to pass from one great group to another. The 
characters of a genus may have been juggled in a yariety 
of ways to form what we call species, and among these 
ways may have been both natural selection and muta- 
tion ; but this only secures the final diversity of species. 
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Behind species are the great groups with different char- 
acters, and any study of a long history shows that such 
differences have been wrought out by steady and progres- 
sive changes through all imaginable changes of environ- 
ment. Species have been likened to the individual waves 
that appear on the surface of a choppy sea; if so, the 
dfeep-seated changes brought about by orthogenesis, and 
which history makes so evident, may be likened to the 
great oceanic currents, whose movement and direction 
proceed with no relation to the choppy surface. 

Another conspicuous factor in evolution, and one that 
has been claimed as a cause of evolution, is isolation. 
As individuals are multiplied they spread over a wider 
geographical range, and as a result a group of indi- 
viduals may become separated from the main group by 
some barrier. This barrier may be a literal one, as a 
lofty mountain range or an extensive body of water, or 
in the case of plants it may be simply a belt of country 
that for some reason cannot be occupied. In any event, 
the isolated group of individuals is prevented from in- 
terbreeding with the rest of their kind. As a conse- 
quence, any peculiarity of the detached group would 
become intensified, until eventually they would become 
quite distinct from the main assemblage of individuals. 
The study of the geographical distribution of plants 
and animals has been the basis for this view. Besides 
geographical isolation, there may be developed a physi- 

■ 

ological isolation, certain individuals appearing that for 
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some reason cannot mate freely with others of the gen- 
eral group. Isolation as a factor in evolution has been 
studied most intensively and successfully among fishes, 
and the results have been very striking. 

In analyzing the results of isolation, however, it be- 
comes evident that it does not induce variations, but 
may give certain variations a chance to continue. In a 
large population individual variations are swamped by 
interbreeding, the whole population representing an 
average of the variations of individuals; but if an in- 
dividual be isolated from its kind any peculiar varia- 
tion it possesses may become intensified. In this way 
an isolated group of individuals may become so differ- 
ent from the group from which it has become detached 
as to deserve recognition as a distinct variety or species. 
In short, isolation does not produce species, but gives 
them a chance to develop; it is not origin, but oppor- 
tunity. In other words, it is a form of natural selec- 
tion ; ordinarily selection is secured by competition, but 
in this case it is secured by isolation. 

It was inevitable that students of evolution should 
speculate in reference to the machinery of heredity. 
They observed an unbroken succession of similar forms 
in a given pedigree, so similar that they resemble one 
another more than they do any other forms. An egg 
produces a body resembling that of the parent more 
closely than that of any other species. It was natural 
to ask the question, what determines that a given egg 
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shall produce one kind of body rather than another? 
To understand how new species sometimes arise from 
old ones it is necessary to understand how new forms 
usually do not arise from old ones, but the same kind 
of individuals appear through endless generations. Be- 
fore heredity became an experimental study it was nat- 
ural that speculation should suggest explanations of the 
transmission of essential similarity, and also of the 
relatively slight modifications that define individuality. 
Some of these speculations are of interest because of 
their influence upon current opinion, or because of their 
influence upon investigation. 

The earliest speculation concerning heredity seems 
very natural, and therefore inevitable. It was thought 
that a given egg is restricted to the production of a cer- 
tain kind of body, because all' the parts of that body 
exist in miniature in the egg. It was not very long ago 
that it was common to hear that an acorn contains an 
oak tree in miniature, and that a sufficiently powerful 
microscope might be able to reveal it. An acorn is not 
an egg, but it serves as an illustration of this concep- 
tion of an egg, namely, that it contains all the parts of 
the body already formed. This is called the doctrine of 
preformation, and it held sway most persistently. If a 
given egg produced an animal with wings, there seemed 
no other explanation than that wings existed already 
formed in the egg, and only needed to grow, and so for 
every organ of every body. This gross conception of 
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heredity, of course, did not stand the test of scientific 
analysis, but the doctrine in more refined form appears 
in later speculations. Perhaps the most famous of these 
is Darwin's theory of pangenesis, proposed in 1888. 

Darwin realized that the gross form of the doctrine 
of preformation was untenable, and therefore proposed 
a theory of heredity based upon the conception of in- 
visible particles, ''biological atoms," they may be called. 
These exceedingly minute material particles he called 
gemmules, and their function in heredity was to trans- 
mit the characters of the parent to the offspring. He 
conceived that every cell of the body produces and 
throws off its gemmules, which multiply indefinitely. 
These gemmules find their way to the reproductive cells ; 
in animals by the blood stream, in plants by no such 
obvious method. Thus they collect in the reproductive 
cells, each one of which comes to contain gemmules rep- 
resenting every part of the body, in fact, every cell of 
the body. His picture of a plant or animal body, there- 
fore, is of these biological atoms swarming from every- 
where into the reproductive cells. When a fertilized 
Ggg produces a new individual, each gemmule it contains 
causes a duplication of the part from which it came in 
the parent body. Since every cell of the parent body is 
represented in the ^gg by gemmules, every part of the 
parent body will be duplicated in the progeny. Since 
all of the cells of the parent body are concerned in 
heredity, the doctrine was called ''pangenesis." It cer- 
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tainly would involve the inheritance of acquired char- 
acters to the last detail. For example, it would be hard 
to understand, according to this doctrine, how a parent 
with an amputated arm could transmit two arms. But 
this conception seemed to Darwin the only method of 
accounting for the wonderfully detailed duplication that 
appears in inheritance. This view is really a very re- 
fined preformation, for fundamentally it means that 
every part of the parent body is represented in the egg, 
if not in actual form, at least by material particles that 
only need to grow or to determine growth. 

The same conception appears in the **pangenes" of 
DeVries, which are Darwin 's gemmules, and in the more 
ancient ** chains of micellas" of Naegeli. In all cases, 
by some mechanism, every part of the body influences 
the reproductive cells in such a way as to determine to 
the last detail the kind of body an egg will produce. 

Perhaps the most influential speculation in reference 
to the machinery of heredity was that of Weismann, a 
'German zoologist of Freiberg, who in 1892 proposed 
his theory of the continuity of the germ plasm. It 
was certainly a direct contradiction of the doctrine of 
preformation and all of its refinements. As a corollary 
it undertook to prove that acquired characters are not 
inherited, a view which controverted a very general be- 
lief. An ''acquired character" needs strict definition, 
or its use by Weismann will be misunderstood. It is a 
character that an individual has not inherited, but has 
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acquired in the course of its own lifetime, as, for exam- 
ple, a scar, some muscle development, or any body fea- 
ture. Furthermore, the character thus acquired must 
have no influence upon the reproductive cells, but must 
be confined to the body (somatic) cells, or else it will 
affect inheritance. In other words, an acquired char- 
acter in the Weismannian sense is one that is taken on 
during the life of the individual, and is not transmitted 
to its progeny. 

The argument presented by Weismann was so clear 
and convincing that it made a great impression and has 
been very influential in stimulating research. In out- 
line it is as follows.^ It has become a matter of obser- 
vation that the egg does not contain any trace of the 
series of organs it will produce. When it divides it 
starts a series of cell generations that presently become 
different kinds of cells, and these eventually enter into 
the structure of the various organs of the completed 
body. Weismann claims that among all the kinds of 
cells that arise in connection with the forming body 
the reproductive cells are the least modified from the 
original condition; that is, the reproductive cells are 
more nearly like the egg from which all the cells have 
descended than are any other cells. Every organ of the 
body traces its cell lineage back to the egg, and each 

1 An excellent brief statement of Weismann 's theory is given 
by Lock in his ''Eecent Progress in the Study of Variation, 
Heredity, and Evolution" (1906). The substance of this state- 
ment is used in the above outline. 
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organ has its own lineage distinct from the others. As 
the histories of the different organs are retraced toward 
the eggy they converge, the comnjon starting point for 
two neighboring organs being reached sooner than for 
two widely separated organs. Finally all the histories 
come together in the egg. It follows that reproductive 
cells have a history of their own, and the direct line of 
cell generations from the parental egg to the reproduc- 
tive cells is distinct from the lines leading to the other 
organs of the body. The reproductive cells are the only 
ones concerned in reproducing offspring, and therefore 
the cell lineage leading to the reproductive cells is the 
only one continued into another generation. All the 
other cell lineages terminate with the death of the or- 
gans in which they have entered. It follows that a 
series of similar individuals appearing generation after 
generation is determined only by the series of cells lead- 
ing to the reproductive cells ; all the other cell lineages 
lead to offshoots that perish. Therefore, a child inherits 
from the reproductive cell of the parent, and not from 
the body of the parent; and the reproductive cell owes 
its character, not to the body which contains it, but to 
its descent from previous reproductive cells. The con- 
clusion is reached, therefore, that the body, so far as 
reproduction is concerned, is merely a carrier or con- 
tainer of the reproductive cells, ''which are held in 
trust for coming generations." It follows that a char- 
acter acquired by the body, after it has been formed, and 
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therefore a character that has no connection with the 
series of cells extending from the egg to the reproduc- 
tive cells, has no chance to be passed on to another gen- 
eration. This unbroken chain of cells that runs from 
egg to reproductive cell, and so on into subsequent 
generations, is what Weismann calls ''the continuity of 
the germ plasm," as distinct from the discontinuity of 
the body plasm, which comes to an end with each gen- 
eration. 

Weismann also constructed an elaborate hypothetical 
mechanism for heredity. His ' * architecture of the germ 
cell" is a noteworthy piece of imaginative work which 
has been somewhat confirmed in a general way by the 
later work in cytology and genetics. He called the 
hereditary substance which is characteristic of the re- 
productive cells and their cell lineage germ plasm. This 
he conceived of as consisting of a variable number of 
idmits, which represent the gross units of structure of 
the germ plasm. These idants are suggestive of the 
chromosomes, which later came to be regarded as the 
visible carriers of heredity. The idants in turn are 
made up of ids, which may be thought of as ''biological 
molecules," while each id is composed of hiophores, 
which are the smallest conceivable particles of germ 
plasm, and may be called "biological atoms." Each 
biophore plays a definite role in heredity, and is sug- 
gestive of the "determiner" of geneticists. The concep- 
tion of a system of biophores constituting an id ; and a 
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system of ids constituting an idant; and a system of 
idants constituting the germ plasm of a reproductive 
cell, certainly furnished enough machinery for all the 
results of reproduction. Since every part of the body 
that is to be produced is represented by a biophore, this 
conception is the same as Darwin's pangenesis, but dif- 
fers from it fundamentally in restricting its application 
to the reproductive cells and their cell lineage. 

Of course Weismann had to account for variation, 
and this he does by the mingling of two collections of 
biophores in the sex act. This he calls amphimixis, or 
blending, and conceives of this mixture of biophores 
from two sources as engaging in a struggle for exist- 
ence. The selection of biophores which results from 
this struggle determines the character of the individual 
that the egg will produce. This is ' ' intra-selection, " or 
internal selection, as contrasted with Darwin's natural 
selection, which is external selection, that is, a selection 
made by conditions outside the body. Weismann re- 
garded external conditions, not as developing charac- 
ters, but as stimulating to development characters 
already represeiited in the germ cells by biophores. 
In other words, external conditions are not the 
causes of characters, but the conditions for their ap- 
pearance. 

It is remarkable how much of this conception may be 
regarded as a general prophecy of what later investiga- 
tion discovered. In its broad outline it touched upon 
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the most conspicuous findings of cytology and genetics, 
either in fact or in idea. Weismannism as an influen- 
tial theory of heredity was replaced by Mendelism, 
which is now the dominating influence in genetics, but 
Weismann's conception marked a distinct advance in 
the study of heredity, for it emphasized the fact that 
the reproductive cells are more or less isolated from the 
influence of the body cells, and it called attention to the 
chromosomes as the structures of the nucleus chiefly 
concerned with heredity. 

The striking contrast between the theory of Weismann 
and the results of Mendel is in the contribution of each 
parent to the offspring. "Weismann thought that all the 
characters of both parents are represented by ids in the 
fertilized egg. This was the necessary antecedent to 
'* amphimixis." Mendel, on the other hand, showed that 
characters are segregated in the reproductive cells. Of 
two contrasting characters of the parents only one of 
them is represented in the reproductive cell of the child. 
In other words, a reproductive cell does not contain all 
the ancestral characters, but each character is from one 
of the parents, to the complete exclusion of the other. 
A reproductive cell, therefore, contains a selection of 
characters from its ancestry, and not a complete col- 
lection. All of the characters of an individual zig- 
zag through one side of the house in each genera- 
tion. This situation, however, could hardly have been 
imagined before any experimental work could have 
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proved it, for it seemed most natural to assume 
that both parents contribute all of their characters to 
the child. 

One of the first claims of Weismann to be tested by 
experimental work was the claim that acquired charac- 
ters are not inherited. A striking experiment was the 
transplanting of the ovaries of guinea pigs by Castle. 
Ovaries were removed from the body of a young animal 
and allowed to mature in the body of a different kind of 
guinea pig. The reproductive cells in these ovaries 
were thus subjected to the influence of a great variation 
in the body. If the body cells ever transmit their char- 
acters to the reproductive cells it should become obvious 
in such a case. But there was no result. The repro- 
ductive cells from these transplanted ovaries produced 
individuals like those from which the young ovaries had 
been obtained. In other words, the characters had come 
from the egg that produced the first body, and not from 
the body that had brought the ovary to maturity. The 
conclusion is that the body is simply a nurse for the 
reproductive cells, and that it no more determines the 
kind of body that will be produced than does food. The 
experiments of Tower with potato beetles show the same 
result. He subjected beetles through many genera- 
tions to varying conditions of temperature, humidity, 
light, etc., and obtained all sorts of colors and color pat- 
terns as responses. These are obviously purely body 
characters. These induced characters, however, which 
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are clearly acquired characters, had no influence what- 
soever on the colors of succeeding generations. 

Even before such experimental results had been ob- 
tained it is surprising that therie was such a persistent 
belief that acquired characters are inherited. Attention 
had long been called to the fact that certain savage 
races, generation after generation, induce monstrous de- 
velopments of ears, nose, and lips, and yet such acquired 
characters are never inherited. The binding of the feet 
of Chinese women was practiced for centuries, and still 
the results of the binding were never inherited. The 
inference is that in order to secure new forms the germ 
plasm must be modified. How this is done in nature is 
under consideration ; that it can be done experimentally 
has been demonstrated (Figs. 24 and 25). The various 
theories of evolution and heredity have suggested that 
this modification of the germ plasm, resulting in 
changed forms, is brought about by changes in environ- 
ment, by selection, by amphimixis, by hybridizing, by 
orthogenesis, etc. Some of these claims have been dis- 
proved, and the others remain in doubt. In any event, 
the history of the subject is a good illustration of the 
usual method of progress in science. The first stage is 
a series of shrewd speculations, founded upon general 
observations ; this is followed by more detailed observa- 
tions that reject certain speculations and show that 
others are worth following up; and, finally, rigid ex- 
perimental work begins to establish a body of facts, 
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gradually dissipating some speculations and transform- 
ing others into facts. The study of heredity at present 
has begun a development of this last stage. Certain 
facts have been established, but much speculation re- 
mains as yet to be tested. 



SUMMARY 

An important theory of evolution is orthogenesis, 
which means that progressive changes occur in organ- 
isms in a definite direction, uninfluenced by changes in 
environment, and apparently due to causes within the 
organism itself. This theory accounts for the evolution 
of great groups, while natural selection and mutation 
may explain the origin of species. 

Isolation has also been regarded as a factor in evolu- 
tion, by which is meant that the separation of a group 
of individuals from the general mass of their relatives, 
so that they cannot interbreed, may result in a distinct 
variety or species. This separation simply permits in- 
dividual peculiarities to be perpetuated and increased, 
and therefore isolation does not produce a new species, 
but permits one to develop. In other words, it is one 
form of natural selection, the usual form being compe- 
tition. 

Studies of evolution early led to speculations concern- 
ing the machinery of heredity. The earliest was the 
doctrine of preformation, which means that all parts of 
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the body exist in miniature in the eggy and only need 
to grow. Later, Darwin's theory of pangenesis pro- 
posed invisible particles (gemmules) as being produced 
by every cell of the body, collecting in the egg, and de- 
termining in detail the kind of body it produces. 

The most notable speculation concerning the machin- 
ery of heredity was that of Weismatin, who proposed 
the theory of continuity of the germ plasm, meaning 
that the germ plasm and the body plasm are distinctly 
differentiated; that the germ plasm is continuous 
through all the cell generations, from the parental egg 
to the reproductive cells of the next generation, and so 
on into the generations that follow ; while the history of 
the body plasm ends each generation with the disappear- 
ance of the body structures. This implies that acquired 
characters are not inherited ; that is, characters that are 
taken on by an individual in its lifetime, and that have 
not come from the egg. In imagining the ''architec- 
ture" of the germ plasm, with its idants, ids, and bio- 
phores, Weismann forecast in a general way the later 
discoveries of cytology and genetics. 

The bearing of these speculations and theories on 
plant-breeding is found chiefly in the question of the 
inheritance of acquired characters. If acquired char- 
acters are not inherited, then any modification of a 
plant dependent upon its environment is not neces- 
sarily inherited if the environment is changed. If some 
acquired characters can be inherited, then these can be 
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passed on, even if the environment does change. In any 
event, it must be recognized that if acquired characters, 
through their effect on nutrition or otherwise, affect the 
reproductive cells, then they must influence inheritance. 
According to Weismann's definition, therefore, one can 
only tell through inheritance whether an acquired char- 
acter lias affected the reproductive cells or not. 



CHAPTER V 
BEPEODXTCTION 

In intelligent plant-breeding nothing is more essential 
than some knowledge of the different kinds of repro- 
duction and their significance. Familiarity with repro- 
duction in the higher animals and man has given the 
impression that all reproduction necessarily involves 
sex, and that the significance of sex is reproduction. 
This miA:aken idea is responsible for much crude teach- 
ing in reference to plant-breeding. The universal oc- 
currence of asexual reproduction among plants is not 
generally appreciated. There is no question that many 
more plants are produced asexually than sexually. This 
makes it clear that sex is not an essential feature of 
reproduction, and that the significance of sex is not to 
secure reproduction, but to secure something in connec- 
tion with it that other methods of reproduction do not. 
Although in man and the higher animals the sex method 
has become the. only method of reproduction, among 
plants asexual reproduction is not even a declining 
method. In plants also the origin of the sexual method 
is in evidence, so that the conditions of its appearance 
are clear, and its significance becomes apparent. 
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It will lead to a better understanding of reproduction 
if the three methods exhibited by plants are considered 
in the order of their appearance. It should be under- 
stood that the word "reproduction" will be used in the 
ordinary sense ; that is, 
meaning the production of a 
new individual. This ex 
planation is necessary, for m 
a very real sense any cell 
division resulting in the pro 
duction of two new cells is 
reproduction, but the result 
may not be a new individual, 
but only growth of the bodj , 
or restoration of wasted ti-i 
sue, or healing a wound 

The first method of repro 
duetion among plants is cell 
division. A one-celled mdi 
vidual divides and produces 
two new individuals { Fig 
28). The individual in 

this case is a single protoplast, that is the organized 
living substance (protoplasm) of a cell This self 
division of a protoplast I'l one of its powers and the 
elaborate machinery of cell division has secured an 
exactly equal division of all the structures of the proto- 
plast, so that the two new cells (individuals) are dupli- 
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cates of the parent cell. The fundamental reproductive 
mechanism, therefore, is cell division, whether the 
method is sexual or asexual. In the sexual method a 
fusion of cells precedes cell division, and this fusion is 
evidently an added preliminary process, not essential 
to reproduction, but securing something in connection 




with it. The power of self-division, therefore, which 
is the essential process of reproduction, is a function 
of every protoplast, which may be permitted or inhib- 
ited by varying conditions. In one-celled plants the 
cell wall is involved in this division, but the wall is an 
incident that may be eliminated. This division of ordi- 
nary vegetative cells to produce new individuals is called 
vegetative multiplication, and it is a method used by 
all plants. Even among the seed plants vegetative mul- 
tiplication is very common, and use is made of it in 
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securing new individuals from bulbs, tubers, cuttings, 
runners (Fig. 29), etc., which, are parts of the vegeta- 
tive body. 

A further statement concerning the power of vege- 
tative multiplication exhibited by seed plants may make 
the situation clearer. The stem, for example, is not a 
uniform structure throughout, but is differentiated into 
nodes and internodes, each with its own functions. The 
nodes give rise to the lateral appendages (leaves and 
branches) ; while the internodes, by elongation, stretch 
the nodes apart. The internodes thus give a stem or a 
branch its length, while the nodes produce its lateral 
members. A node, therefore, is a group of vegetative 
cells with remarkable powers of reproduction, capable 
of producing a new stem (branch) with its leaves. But 
this is not all. If a node is covered with soil, or is even 
placed in contact with the soil, it can also put out roots, 
and thus all the parts of a new individual may appear. 
If such a node, with its leaf -bearing branch and roots, 
be cut away from the rest of the plant a complete new 
individual is the result. It is this reproductive power 
of the nodes of stems that makes it possible to use cut- 
tings, slips, tubers (Fig. 30), etc., in producing new 
plants. But this reproductive power of a node may be 
shown by other groups of active vegetative cells as well. 
For example, the leaf of a begonia may be cut into 
pieces and each piece placed in proper soil conditions 
may produce a new plant. The general conclusion, 
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therefore, is that while certain vegetative cells more 
commonly show reproductive powers than others, any 
active vegetative cell may reproduce. 

When the hody of an individual becomes composed 
of many cells, ordinary cell division results in growth 
of the body, without producing a new individual. In 
other words, the machinery of reproduction is at work, 
but a new individual is not produced. In the many- 




celled individuals the dividing protoplasts are held in 
a continuous framework of cell walls, so that divisions 
cannot result in a new individual. There must be 
separation from the parent plant as a preliminary to 
divisions that can result in a new individual. Among 
the lower plants this necessity is met by the protoplast 
becoming detached from its inclosing wall and escaping 
from the parent plant. This freed protoplast is a spore 
(Fig. 31). It does not differ from other protoplasts in 
power, but in opportunity, for, separated from the 
parent plant, its divisions can result in a new indi- 
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vidual. The freed protoplast usually divides before it 

escapes, thus producing several sporea, but not always. 

It makes no difference whether the protoplast escapes 

before dividing, or divides before escaping; each freed 

protoplast can produce a new individual. A spore, 

therefore, is a protoplast 

escaped from one imli 

vidual and capable of 

producing another one 

The abundant terminol 

ogy of spores which em 

phasizes the secondary 

characters in which they 

differ has obscured the 

essential feature which 

belongs to all of them. 

Spores are not cells 

"specially set apart" to 

reproduce, as they are often defined, but 

that have a chance to reproduce. 

A most important question is, what conditions deter- 
mine the separation of the protoplast from its wall, so 
that it becomes free to escape. A clew to the answer is 
obtained from the behavior of cells in conditions un- 
favorable for vegetative activity. This separation of 
the protoplast from its wall and "rounding up" into a 
more compact form are very common responses to un- 
favorable conditions. It follows that spore-formation 
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is a response to conditions unfavorable for maximum 
vegetative activity, and this has been proved by experi- 
ments. A plant kept in conditions of maximum vege- 
tative activity grows luxuriantly, but does not produce 
spores; but if the vegetative conditions decline some- 
what spores are produced. Whatever diminishes vege- 
tative activity, therefore, favors spore-formation, and 
in nature this condition is supplied by the waning ac- 
tivity of the plant. It follows that spore-formation is 
a response to relatively unfavorable conditions for veg- 
etative activity, by plants whose activity extends through 
a period long enough to encounter varying conditions. 
For this reason, not only many-celled plants, but also 
every one-celled plant that is long-lived enough, pro- 
duces spores. 

The essential condition for reproduction, therefore, 
is detachment from the parent body. Not only can the 
one-celled spore produce a new individual, but also a 
group of cells detached from the parent plant can do 
the same thing. 

The power of reproducing lost parts, shown by plants 
and animals, has received the general name of regenera- 
tion. In its simplest expression it is shown in the heal- 
ing of wounds. It becomes more striking when a star- 
fish regenerates a lost arm, or when a worm cut in two 
pieces makes a new head end for one piece, and a new 
tail end for the other. If a root be cut off close to the 
tip the exposed cells of the stem will form a new tip; 
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but if the tip be cut oflf further back, the exposed cells 
will not mend the mutilated root, but active cells further 
back will produce a new root. This introduces another 
phase of regeneration, the result not being a mending or 
restoration of the mutilated organ, but its replacement 
by a new organ. In general, therefore, regeneration 
means a restoration or replacement of missing parts. 
A spore differs from a group of cells, therefore, only 
in the fact that all parts of the body are lost, and all 
have to be reproduced. It can be concluded either that 
regeneration is partial reproduction or that reproduc- 
tion is complete regeneration. In any event, the fun- 
damental condition of reproduction is detachment from 
the parent, whether it is the detachment of a single cell 
(spore) or a group of cells (as a node). 

This second method of reproduction, by which single 
detached protoplasts produce new individuals, is called 
reproduction hy spores, but it is merely cell division 
taking place in conditions that make a new individual 
possible. The spore method did not replace vegetative 
multiplication, but was added to it, as has been shown 
by illustrations given above, so that plants used both 
methods. In fact, by these two methods, which are es- 
sentially the same method, most plants are produced. 

The third method of reproduction, and the last to ap- 
pear among plants, is sexual reproduction. The form 
and occasion of its first appearance are obvious among 
plants, so that it is commonly said that the origin of 
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sex can be observed. This is true in the sense that the 
origin of the sex cells (gametes) can be observed, but 
the origin of the pbysiologieal condition called sexuality- 
has not been observed. This distinction is important, 
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for it involves the real nature of sex. If all plants were 
sexual the origin of sex would be as obscure as the 
origin of life, but fortunately we are able to see the 
origin, even if wo, cannot understand it. 

The sexual cells (gametes) did not appear once for 
all, but appeared independently in several groups as a 
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natural response to certain conditions. One of the 
green algae (Vlothrix) is commonly used to illustrate 
the origin of gametes, but the same facts have been ob- 
served in several kinds of algae. Vlothrix is a filament 
of cells which is entirely vegetative during the early 
part of its life (Fig. 32). So long as the conditions for 
vegetative activity are at their maximum, the filament 
remains vegetative. When vegetative activity begins 
to wane, spores are formed and discharged (Fig. 33). 
These spores are ciliated cells, able to swim actively in 
the water medium into which they have been discharged. 
Any protoplast in a filament may produce spores, 
and the variability in the number of spores formed by 
a single protoplast is noteworthy. The whole proto- 
plast may escape as a single spore, but it may divide 
and produce two spores, or the division may go farther, 
and four to sixteen spores may be discharged. As the 
spores discharged by a single protoplast increase in 
number, naturally they decrease in size. ^ As conditions 
for vegetative activity continue to wane, the spores be- 
come more numerous and smaller, until finally, as the 
plant approaches the end of its vegetative activity, the 
spores become so small that they do not germinate 
(Fig. 34). 

Occasionally one of these very small spores has been 
made to germinate, but the result is a very dwarf indi- 
vidual. However, these smallest spores are observed 
to pair and fuse, producing a fusion cell which is able 
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to germinate (Figs. 34 and 35). This pairing and fus- 
ing is the sex act, and, therefore, these smallest spores 
have become gametes, and the fusion cell is a fertilized 
^SS {^VQote), Gametes, therefore, are derived from 
swimming spores, but the difference is much more fun- 
damental than one of size. At first it was perhaps nat- 
ural to suppose that the smallest spores could not 
germinate simply because they do not contain a suffi- 
cient bulk of nutritive ma- 
terial, and that by pairing 
and fusing the bulk is in- 
creased enough to permit 
^ B c germination. That such an 

Fig 35.-Sex act of water net interpretation of the facts 

(Hydrodtctyon) : A^ gamete ; ^ 

B, gametes fusing ; c, zygote, jg very crude and mislead- 

— After Klebs. From Coul- 
ter, Barnes and Cowies' ing wiU bccomc evident a 

"Textbook of Botany." ,.,,, , , 

little later. 
It will be noticed that in general there is a difference 
in time in the origin of spores and gametes. When con- 
ditions for vegetative activity are at a maximum neither 
spores nor gametes are produced; when conditions be- 
come less favorable spores begin to appear; and when 
the plant approaches the end of its vegetative activity 
gametes appear. It follows that spores and gametes are 
responses to different conditions. These conditions have 
been controlled experimentally among algaB. In the 
natural environment these three functions of the plant 
are associated with the changing season. The season 
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begins with vegetative activity; later, the conditions 
favoring luxuriant growth decline and spores appear 
(at this stage the multiplication of individuals is the 
greatest) ; finally, gametes appear in connection with 
the conditions that are bringing the activity of the plant 
to a close. 

The general conclusion, therefore, is that gametes ap- 
pear as a result of the aging of cells, and that they are 
produced by plants whose activity extends through a pe- 
riod long enough to encounter a variety of conditions. 

But what induces gametes to pair and fuse? This 
is the fundamental question. The spores from which 
gametes are derived do not behave in this way, and, 
therefore, in passing from spores to gametes some 
change in the physical constitution or chemical compo- 
sition of the protoplast has occurred, and this change 
is the^real origin of sex. The pairing of gametes, which 
means a mutual attraction, indicates that the two pair- 
ing gametes are unlike in some way, the unlikeness 
being comparable to the unlikeness of two poles of a 
battery. Since the first gametes are all alike in size 
and behavior, the plants producing them were called 
'* unisexual." It is obvious that if there is a sex act at 
all, there must be two sexes, for although two gametes 
look and behave alike, if they pair and fuse they must 
be different. The difference of spores and gametes in 
size, therefore, is not the essential difference, although 
it seems to have been the occasion of developing the 
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essential difference. That relative size is not essential 
is also indicated by the fact that later in the history of 
plants one of the pairing gametes (the egg) becomes 
much larger than a spore, and still it functions as a 
gamete, and not as a spore. 

When one knows that the essential fusion, so far as 
heredity is concerned, is a fusion of the male and female 
nuclei, and realizes the great complexity of a nucleus, 
the sexual fusion must be a very intricate performance. 
It means that two cells contribute two complex mechan- 
isms, which must be organized together into a single 
mechanism. The problem might be likened to a head 
end collision of two engines, which results in a single, 
more powerful engine. 

It is interesting to note the apparent significance of 
sex when it first appears, that is, the role it plays in the 
life history of a plant. The fertilized egg (zygote) 
does not germinate immediately, but develops a thick 
wall and passes into a dormant stage (Fig. 35). It has 
become customary to speak of such a zygote as a resting 
cell. In any event, in such plants as we are considering, 
it is the cell which carries a plant over from one season 
to the next. The spores have multiplied plants during 
the season, but the zygote appears at the end of the 
season, and starts again at the beginning of a new sea- 
son. So far as the life history of such plants is con- 
cerned, therefore, the role of the sexually produced 
zygote is not so much reproduction, that is, to multiply 
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individuals, as protection, the chief work of reproduc- 
tion being performed by the spores." Of course this is a 
superficial view of sex, but it is the most obvious result 
of sex in low plants. The explanation of the situation 
seems obvious. As has been stated, the zygotes are pro- 
duced under conditions unfavorable to vegetative ac- 
tivity, when the parent plant is coming to the end of 
its season. It follows that the very conditions that 
favor zygote formation would inhibit the germination 
of zygotes, and they respond to the unfavorable condi- 
tions with their thick walls and dormancy. The fact 
that a zygote becomes a dormant cell, therefore, is not 
a peculiarity of zygotes, but of the conditions under, 
which they are formed. 

As an interesting confirmation of this point of view 
it may be said that when zygotes germinate at the be- 
ginning of a new season they either produce a new in- 
dividual directly or produce spores. The production 
of new individuals means conditions highly favorablb 
to vegetative activity, while the production of spores 
means conditions less favorable to vegetative activity. 
The protoplast of a zygote, therefore, is either a vege- 
tative protoplast, or a spore-forming protoplast, depen- 
dent upon the conditions. A zygote is more apt to 
produce spores than a new individual, for the sequence 
of conditions at the opening of a season are more likely 
to be just the reverse of those at the close of a season. 
As the season progresses from its height toward its close, 
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there is first vegetative activity, and then spore-forma- 
tion; and as a season opens there is first spore-formation, 
and then vegetative activity. 

What is called differentiation of sex means thai 
gametes, after their first appearance as similar cells in 
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the lower plants, later become visibly different in the 
higher plants. They are physiologically different from 
the first, as has been shown, hut eventually they be- 
come morphologically different, so that they are recog- 
nizably male and female. One of the pairing gametes 



REPRODUCTION 

becomes relatively very large, and at the same time 
passive, losing all of its motility, and is called the egg, 
while its partner remains small and active, and is rec- 
ognized as the sperm (Figs. 36-38). This great increase 
in the size of the female gamete is due to an increase 
in the bulk of the cytoplasm. Since the cytoplasm of a 
protoplast is associated with the nutritive capacity of 
the cell, it follows that the nutritive capacity of the 
female gamete has been much increased. On the other 
hand, there is no such extreme change in the bulk of 
the nucleus. Since the nucleus of a protoplast is asso- 
ciated with reproduction and heredity, it follows that 
the reproductive capacity of the female gamete, so far 
as heredity is concerned, has not been increased. It 
contributes no more in the way of inheritance than it 
did when it was no larger than the male gamete. The 
amount of cytoplasm, therefore, is a secondary feature 
in reproduction, just as are motile organs. 

The role of the cytoplasm in sexual reproduction has 
been a subject of discussion ever since it was concluded 
that the nucleus is the organ of the cell concerned with 
inheritance. If the cytoplasm contributes nothing to 
inheritance,' why does it become such a conspicuous 
feature of the eggl It was natural to conclude that it 
contributes nutrition to the process of nuclear fusion 
and to the subsequent development of the embryo. This 
is certainly a function of the cytoplasm, and a very im- 
portant one ; but recent investigations indicate that it is 
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not the only function, and probably not the most im- 
portant one. These investigations indicate that as the 
egg matures there appears in the cytoplasm a substance 
necessarily related to the act of fertilization. This sub- 
stance is produced at a certain stage in the development 
of an egg, and at that stage fertilization can occur ; but 
it is not effective long, so that, if a particular period in 
the history of the egg is passed, fertilization cannot 
occur; just as it cannot occur before this physiological 
moment. If this substance is present in the egg the con- 
tact of the appropriate sperm stimulates it into ac- 
tivity, and the machinery of fertilization is put in mo- 
tion. This substance has been described by Lillie, in 
connection with his studies of fertilization in marine 
animals, and named fertilizin, and it is this fertilizin 
that is thrown into action by the sperm. This added 
role of cytoplasm makes it essential to the act of ferti- 
lization, even if it is not concerned in inheritance. 

An interesting question is introduced by the fact that 
nuclear fusions occur in plants that do not result in 
reproduction. When two protoplasts fuse, therefore, 
and do not produce a new individual, their cytoplasms 
or nuclei or both must differ in some way from those of 
functioning eggs and sperms. The reason that such a 
fusion call does not produce a new individual, as does 
a fertilized egg, is evidently connected with the consti- 
tution of the cytoplasm, which does not permit fertiliza- 
tion, or with the constitution of the cell organized 
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after the fusion, for many cells (as spores) even without 
fusion produce new individuals. This fact suggests the 
idea of a possible adjustment of one nucleus to another 
before fusion can result in a reproductive cell, and this 
mutual adjustment probably lies at the basis of sex 
reproduction. If two complex nuclei are to unite in the 
formation of a single complex nucleus, organized so that 
it can proceed with the divisions that result in a new 
individual, there must be some special mutual adjust- 
ment, as well as the necessary machinery to produce 
nuclear fusion. 

The ideas of fertilizin and of mutual adjustment of 
nuclei also suggest an explanation of the fact that 
sperms and eggs vary in their ability to fuse. It is 
commonly said that a certain amount of *' affinity" is 
necessary between sperm and egg before effective fusion 
can take place. The degree of affinity is extremely 
variable, as appears in experiments with hybrids. In 
some cases even sexually related species will not cross ; 
in other cases almost all the species of a genus will cross 
freely; and in some cases even genera are known to 
cross. The necessary fertilizin and mutual adjustment 
of male and female nuclei limit the range of hybridiza- 
tion, and forbid sexual reproduction in general by un- 
related forms. Even when the necessary fertilizin is 
present the sperm may not be able to *' activate'' it. 
This also suggests a reason why sometimes the sex act 
between two individuals close enough in affinity results 
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in sterility ; for some reason the two nuclei are incapable 
of uniting in the organization of a cell able to initiate 
the series of divisions that result in a new individual. 

All this has to do with the mechanism of sex, which 
must not be confused with the significance of sex. Two 
mechanisms must be mutually adjusted, and, therefore, 
sex reproduction is more limited in plants than other 
kinds of reproduction, because it is more complex. We 
have seen that the real significance of sex is not repro- 
duction, which is abundantly provided for in other 
ways, but to secure something in connection with re- 
production which the other methods do not, at least to 
so great a degree. The most rational conclusion seems 
to be that the sexual fusion secures an amount and a 
constancy of variation that no other method of repro- 
duction can. Two cells of different ancestry, inheriting 
characters from two independent lines, unite to form a 
new cell. This gives a combination of characters for 
selection that is impossible in any other method of re- 
production, the result being that literally no two indi- 
viduals are exactly alike. Sexual reproduction, there- 
fore, secures extreme individuality, and it is individual 
variation that makes evolutionary processes possible. 
The cell fusion which precedes the production of a new 
individual is not necessary to reproduction, but it is 
necessary to make the individual produced differ from 
every other individual. The extensive and varied evo- 
lution of the plant kingdom, therefore, has arisen chiefly 
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from the abundance of variable material furnished by 
sexual reproduction. There is variation apart from 
sexual reproduction, but it is enormously multiplied 
by sexual reproduction. 

A striking illustration of the fact that any active 
protoplast may be able to reproduce under favorable 
conditions is shown by the phenomena of partheno- 
genesis and polyembryony. Parthenogenesis means that 
an unfertilized egg produces a new individual. In this 
case a well-nourished gamete, without any fusion, starts 
the series of divisions that result in a new individual. 
This is simply what any well-nourished spore or proto- 
plast can do if given the opportunity. Polyembryony 
in seed plants means that two or more embryos may be 
formed in a seed instead of the usual solitary embryo. 
In this case there is only one egg, so that the extra 
embryos have been produced by other protoplasts. In 
one recorded case of an onion five embryos were found 
in a single seed, so that at least four protoplasts had 
functioned as though they were spores or fertilized 
eggs. 

SUMMABY 

There are three forms of reproduction among plants, 
which are related to one another historically. 

Vegetative multiplication is the most primitive 
method, which at first was represented by the division 
of a one-celled individual to produce two new indi- 
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viduals. In other words, it is merely cell division, 
which is a universal power of active protoplasts (cells). 
This method is used throughout the whole plant king- 
dom, the difference in detail being that in many-celled 
plants groups of vegetative cells are concerned in pro- 
ducing new individuals more often than a single vege- 
tative cell. 

Spore reprodiiction was the next method introduced 
in connection with plants with a longer life history. 
In general, these are many-celled plants in which the 
ordinary cell division results in the growth of the indi- 
vidual, rather than- in producing new individuals. 
Spores are simply protoplasts detached from the parent 
. plant, so that cell divisions have an opportunity to re- 
sult in a new individual. Spores are produced in re- 
sponse to unfavorable conditions for vegetative activity, 
and by them the largest amount of reproduction among 
plants, that is, the multiplication of individuals, occurs. 
It may be noticed that a spore differs in no essential 
from an ordinary protoplast, except that its detachment 
from the parent plant gives it the opportunity to pro- 
duce a new plant. 

Sexual reproduction was the last form of reproduc- 
tion to appear, and the sexual cells (gametes) are de- 
rived from spores in response to still more unfavorable 
conditions for vegetative activity near the close of the 
growing season. The essential difference between spores 
and gametes, however, is physiological, the gametes 
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pairing and fusing so as to produce a new cell (the 
fertilized egg) capable of giving rise to a new indi- 
vidual. Pairing and fusing imply that the two gametes 
are physiologically different and mutually attractive. 
At first the two pairing gametes are alike in appear- 
ance and behavior, but with the evolution of sex they 
become very much unlike in appearance and behavior, 
so that the large passive egg and the small active sperm 
are recognizably female and male. The significance of 
sexual reproduction's not primarily the multiplication 
of individuals, for among plants this is accomplished 
chiefly by other methods; but apparently it results in 
securing in connection with reproduction the greatest 
amount of individual variation among the progeny, 
thus greatly accelerating the evolution of plants. 

The practical application of this to the plant-breeder 
is that new forms are multiplied by sexual reproduction 
rather than by vegetative multiplication; that sexual 
reproduction is to be used to secure variation and vege- 
tative multiplication to secure constancy ; and that many 
things may be done with vegetatively propagated plants 
(such as graftings, cuttings, and layerings in fruit pro- 
pagation, and the use of tubers, bulbs, etc.) which can- 
not be done with those necessarily propagated by seed, 
which involves the sex act. 



CHAPTER VI 

MASS CULTURE 

Mass culture, or mass selection, is often spoken of as 
the old method of plant-breeding, the inference being 
that it is now a method abandoned by those who have 
advanced in scientific plant-breeding. In the history 
of plant-breeding mass culture is an old method, but 
it is far from being abandoned. It has its limitations, 
but it is still indispensable. It has been developed to 
its greatest efficiency in Germany, and therefore it is 
often called the ** German method.'' When one realizes 
what has been accomplished by mass culture in chang- 
ing cultivated plants during the last century, making 
them immensely more productive and desirable, he 
should not infer hastily that a new method can replace 
it entirely. The new methods have simply been added 
to the old one, and all of them are in vogue, each hav- 
ing its limitations and all necessary to secure the best 
results. 

The original selection of wild plants for cultivation 
seems to have been from the wild grasses whose grains 
were used for food, thus starting the cultivation of 
cereals. This was the beginning of mass selection, and 
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it is yet more practiced in the improvement of cereals 
than of any other crops. The original selection was 
probably no selection at all so far as distinguishing the 
more desirable individuals was concerned. As crop 
succeeded crop there may have been an unconscious 
selection for seed; in any event, the plants changed 
slowly in the direction of man's needs. Finally, un- 
conscious selection merged into intelligent selection, and 
improvement became rapid. The mass culture to be 
discussed is, of course, that which is under the guidance 
of an intelligent selection. It must not be supposed 
that the bringing of wild plants into cultivation im- 
proved them in every particular. For example, since 
the discovery of the wild original of wheat, to be de- 
scribed in a later chapter, it is known that, although 
wheat has probably improved in desirable qualities of 
grain through the many centuries of its cultivation, 
the plant as a whole has deteriorated. The hardy wild 
races have been so pampered by cultivation as to be- 
come much less resistant to drought and disease. Wild 
races are always better equipped plants for the condi- 
tions of nature; but cultivated races have developed 
qualities more useful to man. 

By mass culture is meant that continuous selection 
for certain characters, generation after generation, 
which Darwin called artificial selection. It is a slow 
increase of small variations in a direction guided by 
man. The name **mass culture" or *'mass selection'' 
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has been given to it because in this process many indi- 
viduals are selected, rather than one individual. The 
selection of one individual to breed from is called * ' pedi- 
gree culture. ' ' There is no question concerning the fact 
that cultivated plants can be changed in directions de- 
sired by man by mass selection, for the history of plant- 
breeding is full of such evidence, but it is a question 
whether mass selection can secure new forms. A sharp 
distinction must be made between improved forms, 
which are inconstant, and new forms, which are con- 
stant ; for the history of plant-breeding shows that mass 
selection produces improved forms, but it cannot show 
that it has ever produced new forms. Of course, by 
improved forms we mean merely changed forms that 
are better suited to man's purposes. 

How mass selection is carried on may be described in 
a general way. Suppose a plant-breeder wishes to se- 
cure a strain of wheat with larger heads than those 
possessed by the strains in ordinary use. From his 
field of wheat he selects the largest heads, perhaps 
hundreds of them, and from these heads he secures the 
seeds for planting. From these selected seeds he se- 
cures a second crop, and again selects the largest heads 
for seed ; and this performance is continued year after 
year, until the character of larger heads has become an 
established feature of the strain. In this continuous 
selection the character of larger heads is chosen, the 
average size of the heads increases from generation to 
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generation, and the final result is the summation (''pil- 
ing up") of small variations. When it is said that by 
continuous mass selection the character of larger heads 
becomes ** established" it is not meant that the desired 
character is absolutely permanent Or fixed. Mass selec- 
tion deals with fluctuating variations, and these are by 
definition inconstant. A character becomes established 
by mass selection, therefore, when it appears in a ma- 
jority of the individuals, but it is not expected to 
appear in all the individuals. In fact, it only continues 
to be established by using continuous selection. The 
process necessary to attain a character must be contin- 
ued if it is to be maintained. 

When this supposed strain of wheat with larger heads 
comes into the hands of the ordinary farmer very prob- 
ably he does not continue the selection for large heads, 
but uses as seed for a second crop the product of the 
first one without special reference to the size of the 
heads. This means that the average size of heads will 
be lower in the second crop than in the first ; and in the 
third crop lower than in the second ; and so on until the 
** improvement " has practically disappeared. In other 
words, the farmer observes that his desirable strain of 
wheat is ** running out," and his remedy is to send to 
the plant-breeder for ** guarded stock" for planting. 
Guarded stock means simply crops that have been kept 
from ** running back" by continuous selection. 

This is a very simple illustration of mass selection, 4 : 
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but it may be applied in principle to any mass selec- 
tion. The greatest variety of characters are chosen for 
selection, not only characters that involve structure, as 
the size of a head of wheat, but more often characters 
that involve chemical composition, as some special qual- 
ity of a grain of wheat. For example, a grain of corn 
contains a region of starch storage (* 'starchy endo- 
sperm") and a region of protein storage ('* horny endo- 
sperm"), and it is very common to select maize so as 
to increase one or the other of these regions, dependent 
upon the use to which the grain is to be put. 

Most frequently some combination of characters is 
sought rather than a single character. For example, 
in selecting maize for size or quality of ears the habit 
is to select also for vigor of body. In other words, a 
vigorous plant is the first character selected, and then 
one or more other characters are combined with it. 
Usually certain characters belong together, so that in 
selecting for one of them the others are carried along 
with it. The selection of maize has been taught more 
generally than that of any other crop, both because it 
is the most important American crop, and because selec- 
tion is comparatively easy. As a consequence, continu- 
ous selection of maize by the farmer ought to become 
relatively efficient. To arouse interest and to develop 
facility in selection, as well as to stimulate interest in 
agriculture in general, there has been an extensive or- 

j : ganization of **corn clubs" for boys in rural communi- 
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ties. The ITnited States Department of Agriculture is 
so much interested in these clubs that it issues bulletins 
for them and their contests, and has a specialist in 
charge of the club work. 
The two chief factors in 
the selection of maize are 
a suitable plant and a 
suitable ear. The plant 
should be vigorous, with 
all its members well de- 
veloped; the selected ear 
should be early maturing, 
lai^e, sound, well shaped, 
with straight and compact 
rows of grains, and the 
cob about half the diam- 
eter of the ear (Fig. 39). 
Associated with seed se- 
lection is seed testing, and yw. ; 
this has become a very 
important enterprise. All 
sorts of corn-testers have 
been devised with all degrees of exactness. In general, 
the germinating power is greatest the next season after 
the seed is produced, which, of course, is the usual 
period in nature between seed production and seed 
germination. This implies that in general the ger- 
minating power of a seed diminishes as it becomes 
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older, until finally it cannot be made to germinate 
at all. Failure to germinate at all plainly indicates 
poor seed, but unusually slow germination or feeble 
seedlings indicate declining power and relatively poor 
seed. Seeds may *' sprout," that is, the inclosed plant- 
let may break the seed coat and begin to emerge, 
but sprouting is not a complete test, for there may not 
be power enough to carry the germination to its com- 
pletion. The direction for club work is that no lot of 
grains should be used for planting that do not show by 
the testing of samples that at least 95 per cent, of them 
germinate promptly and vigorously. These statements 
concerning seed selection and seed testing of maize in- 
dicate the attention that is being given to instruct 
farmers so that the full results of professional mass 
selection may be continued when the seed is being used 
to produce crops. 

It becomes evident that effective mass selection de- 
mands care and insight and training, and that when 
these are applied it results in ** improvements" in al- 
most any desired direction. It is evident, also, that, 
even if it cannot produce new forms, it plays a very 
important role in improving forms that are produced. 

The limitations and disadvantages of mass selection 
are obvious, so that it must be supplemented by other 
methods when this is possible. The most obvious limi- 
tation is that it improves the average of many indi- 
viduals rather than selects the best individual. In 
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other words, its best result is an average of the better 
and best individuals rather than the very best indi- 
vidual. There are always better individuals than the 
average, but these are merged into the general result. 
Mass selection, therefore, stops short of the possibilities 
actually in sight. Probably the chief reason it con- 
tinues to be used instead of individual selection (** pedi- 
gree culture") is that it is a wholesale method, resulting 
in great numbers of improved individuals in a com- 
paratively short time. As a commercial proposition, 
therefore, the market can be supplied by improved 
strains developed by mass selection at a rate that indi- 
vidual selection could not approach. What is needed, 
in practice, is a whole population that averages well, 
rather than a few individuals that are better. 

A disadvantage of mass culture is the time involved, 
which extends through several years before the strain 
becomes established enough to be ready for the market. 
It is a question whether this loss of time in mass culture 
would not permit pedigree culture to overtake it in the 
number of desirable individuals. The time involved 
of course varies widely with the plant under culture 
and the characters being developed. It has been stated 
that commercial plant-breeders, who deal with a great 
variety of plants, estimate an average of six years for 
the production of a desirable improved strain by mass 
selection. This means that a longer time is required for 
some plants and a shorter time for others. I have no 
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means of knowing whether this estimate is fair or not, 
but it serves to illustrate the fact that a considerable 
amount of time is involved, which means a large ex- 
penditure of professional training. 

An historical case of mass culture, described by De- 
Vries, is that conducted by Eimpau of Germany in 
the production of a well-known race of rye which is 
now cultivated throughout central Germany. He se- 
lected all the ears from his rye fields that seemed 
noticeably better than the others, and thus mixed all 
the seeds from numerous individuals, for planting. This 
selection was continued through twenty years, until a 
very superior race was obtained. Finally, the seeds 
were sown for multiplication without further selection. 
It took three or four years of multiplication to secure 
seed enough to sow the whole farm ; but after that the 
new rye became very profitable. Of course it became 
profitable, both to the farmer and to the seed dealer; 
profitable to the farmer because he could raise crops of 
rye of larger yield and better quality ; but chiefly profit- 
able to the seed dealer because the farmer was compelled 
to return to him frequently for ** guarded stock.'' 

Associated with the time involved is the labor. To 
make mass selections that are consistent through a suc- 
cession of years is not merely very laborious, but it is 
also very critical. A mere laborer cannot be depended 
upon, for the selection demands a keen eye for the com- 
bination of characters that the selected individuals must 
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show. In other words, it is professional work. For 
this reason farmers cannot be depended upon in general 
to continue the selection. In such a plant as maize it 
has been found practicable to give general instruction 
in selection, as has been indicated above, but even in 
the case of maize, if farmers were competent to make a 
continuous selection the size of the population with 
which they deal in their extensive fields, compared with 
the small experimental plots of the seed dealers, makes 
guarding against the crossing of desirable with unde- 
sirable individuals impracticable. 

Perhaps the greatest disadvantage of mass culture is 
this inconstancy of the result in the hands of the crop- 
producer. In the hands of the trained plant-breeder 
the result is constant enough, but in the hands of the 
crop-producer it is not, for, as has been said, he cannot 
continue the discriminating selection. Of course this 
fact is one of the assets of the commercial plant-breeder, 
for the crop-producer must apply to him repeatedly for 
fresh seed that has been kept up to standard by con- 
tinual selection. The amount of time and labor given in 
mass culture to secure an inconstant product would 
have forbidden the method long ago but for the fact 
that an inconstant improvement is far better than no 
improvement, and perhaps the additional fact that the 
inconstancy of this particular kind of product is com- 
mercially valuable. 

In spite of the disadvantages of mass selection, it 

105 



FUNDAMENTALS OF PLANT-BREEDING 

remains as one important method in the improvement 
of cultivated plants, and it is also often very useful as 
one factor in a combination of processes. And still it 
must be recognized that with mass selection alone there 
is probably no production of new forms and also a 
definite limit to improvement. In other words, the old 
characters may be changed more or less, but no new 
character is introduced. In the nature of things a new 
character is constant in the sense that if it appears at 
all it will reappear in some form in all the progeny, 
while a changing old character continues to be a vari- 
able feature in the progeny. The statement that mass 
selection is a means of averaging results rather than 
of selecting the best may be illustrated by the methods 
used in animal-breeding. An animal-breeder does not 
expect to get his best results by improving a whole 
pasture full of horses en masse. He selects the most 
desirable individuals and pedigrees them, securing, not 
an average improvement, but the best improvement. 
In the same way mass selection among plants cannot 
hope to reach the best results. 

An additional danger in the cultivation of such ex- 
tensively massed crops as the cereals must be reckoned 
with. Any field of oats or wheat, and notably maize, 
consists of an extensive and very mixed population. 
These individuals may average well, but there are many 
below the average as well as above. . In forming seeds 
these individuals may cross freely, , since the pollen is 
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blown about by the wind, so that an inferior and a 

superior individual are just as apt to cross as two 
superior individuals. This means that the seeds thus 
produced will probably lower the average of the next 
generation, so that the average subsides from genera- 
tion to generation, or at least is kept 
from advancing, even with some at 
tention to selection. This danger m 
creases as the population becomes 
larger, and it diminishes as the pop 
ulation is smaller and can be 
brought under more rigid control 
This means that even when a very 
desirable race is obtained that seems 
constant, and in no danger of losing 
its distinctive characters, there is 
bound to be more or less lower- 
ing of the average of excellence, 
This can be offset only by a con- 
stant and rigid application of the principles of selection. 
Attention should be called to the fact that all cereals 
are not alike in the freedom of pollination. For ex- 
ample,' the ordinary cultivated races of wheat are self- 
pollinating (Pig. 40), so that a race of wheat is more , 
apt to retain its characters than an open-pollinated 
plant. On the other hand, the pollination of maize is 
necessarily open, since the stamens and pistils are in 
separate flowers, those containing stamens forming the 
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3 41 —Maize the plant at tlie right shows the starainate flowera 
formlne the tetmlDal tassel": the plant at the left ahows the 
'ear (a close cluster of platlllnte dowers) In the axil o[ a leaf 
and Inclosed by the huak at the ead of which the laog styles 
( Bilk ) ace eipoBcd —After DeVeiks. 



"tassel," while those containing pistils form the 
"ear" (Fig. 41). As a consequence, a race of com is 
the most difficult cereal to keep up to standard. 

It is evident that this danger disappears in the 

case of crops propagated vegetatively rather than by 
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seeds. For example, when the potato, through selec- 
tion, has been brought up to a good average of desired 
characters its propagation by tubers insures against the 
danger of unfavorable crossing. For this reason all 
plants propagated by bulbs, tubers, cuttings, etc., **hold 
their own" through successive generations much more 
rigidly than do those propagated by seeds. 



STJMMABT 

Mass selection, which means the selection of a desir- 
able group of individuals, when continued from gen- 
eration to generation, results in a slow building up of 
the characters desired, in some cases involving very 
great changes from the original forms. Furthermore, 
the improvement obtained by mass selection is the aver- 
age improvement of an extensive population rather than 
the extreme of improvement shown by certain indi- 
viduals. To maintain even this average improvement 
rigid selection must be maintained, or the average will 
be lowered with every generation. This is more impera- 
tive in the ca§e of crops propagated by seeds, as cereals, 
than in the case of those propagated vegetatively ; for 
in addition to the inferior individuals that selection 
avoids, superior individuals may cross with inferior ones 
and thus add to the inferior population. In spite of its 
limitations and disadvantages, mass selection is prob- 
ably the most available method for improving crops 
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that are grown on a large scale, and for securing a large 
number of desirable individuals rapidly; and also it 
must continue to be the best method of raising and 
maintaining the general average of a crop. 



CHAPTER VII 

PEDIGREE CULTURE 

It was natural that mass selection should continue 
to be the prevailing method of plant-breeding so long as 
natural selection was the dominant biological interest, 
for it is based upon the principles of natural selection ; 
in fact, it is applied natural selection, the necessities of 
men being substituted for the necessities of nature. 
But when theories of evolution inevitably led to experi- 
mental work in heredity a method more definite and 
precise than mass selection became necessary. This 
method of greater precision was pedigree culture. It is 
surprising that the pedigree culture, so common in con- 
nection with the breeding of fine stock, had not sug- 
gested much earlier the use of the same method in plant- 
breeding. It was introduced in the breeding of plants 
when it was discovered that absolute control over indi- 
viduals was necessary in securing definite knowledge in 
reference to inheritance of characters. The first record 
we have of strict pedigree culture among plants is in 
connection with the experimental work of Mendel, the 
results of which were published in 1865, but did not be- 
come current until more than thirty years later. The 
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work of Mendel will be described in the next chapter. 
Since that time pedigree culture has developed exten- 
sively as a method of plant-breeding, and is now being 
used in connection with all work upon heredity. 

Pedigree culture as a method is another illustration 
of the important practical results that may come from 
a purely scientific investigation. Established as a means 
of studying the laws of heredity, it is now being applied 
as a means of securing desirable plants in a most ef- 
fective way. By means of this method it has been pos- 
sible to secure desirable plants in numbers and in kinds 
that were once thought to be impossible, for the investi- 
gation of characters has shown the method of securing 
characters. It is for this reason that in a book dealing 
with practical plant-breeding it is necessary to know 
something of the methods of scientific pedigree cul- 
ture. 

Pedigree culture of plants means complete control 
and record of every individual in a series of cultures, 
running often through several generations. The con- 
trol has to do with pollination. If the plants are self- 
pollinating, care has to be taken that no foreign pollen 
reaches the pedigreed individuals. In most studies of 
heredity, hybrids are used, which means the use of for- 
eign pollen, and in such cases artificial pollination must 
be resorted to. To pollinate artificially a large group 
of individuals, and to isolate them absolutely from all 
other pollen than the kind desired, demands an amount 
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of training and technique that may not be appreciated. 
It is also necessary, in experimental work on heredity, 
to secure plants that are easily handled and that have 
short generations, for the value of the results depends 
upon the number of generations observed. 

The first practical application of pedigree culture 
was made at the Swedish Experiment Station at Svalof , 
under the directorship of Nilsson, and will be described 
in a later chapter. It was used to secure results that 
mass selection had failed to secure. As has been stated, 
mass selection can only obtain a good average result, and 
the average is inconstant unless careful selection is con- 
tinued. Pedigree culture in its practical application 
involves the selection of the most desirable individual, 
a better individual, of course, than any average, and 
the progeny obtained from this individual is relatively 
constant. This constancy of a pedigreed series in the 
features in which they differ from their relatives was 
demonstrated by DeYries in the experimental work that 
formed the basis of his theory of mutation. As a con- 
sequence, the scientific work of DeYries underlaid the 
practical work of Nilsson, and, conversely, the practical 
work of Nilsson furnished arguments in favor of mu- 
tation. 

The use of scientific pedigree culture has been devel- 
oped by two groups of investigators, groups that do not 
differ in purpose, but chiefly in method. A brief ac- 
count of these two groups will help to an understanding 
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of the practical applications of pedigree culture to be 
given later. 

BIOMETRY 

One of these groups of investigators, called biome- 
tricians, uses the statistical method of recording data. 
Instead of dealing with the variation of a single indi- 
vidual, they deal with the average variation of a 
population, that is, many individuals representing a 
given species. It is really a method of observing how 
a population as a whole behaves through a series of gen- 
erations; that is, whether the average is remaining con- 
stant, or whether it is shifting, or whether it is splitting 
up into distinct groups. No observation of a single 
individual could secure such data. The name of this 
group of investigators is explained by the fact that the 
method of securing data is by measurements and count- 
ings of a series of individuals and then striking the 
average. For example, characters that involve either 
size or weight are measured, while of course those in- 
volving number are counted. As an illustration, almost 
any species of aster may be used, in which the varying 
characters involve the number of rays and also the 
length of rays. 

The necessity for pedigree culture in such work ap- 
pears when it is known that the average means nothing 
unless the individuals measured or counted represent 
what is called homogeneous material, that is, a common 
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stock, and not a miscellaneous assortment of individuals 
assumed to represent the same stock. It is evident that 
even the purest seed that can be obtained from seed 
dealers has been secured from mass cultures, and neces- 
sarily represents a complex mixture of individuals. In 
fact, a field of wheat or of maize raised from the purest 
market seed is a bewildering mixture of different kinds 
of individuals. No facts of heredity can be obtained 
from such a mixture. The only way it is possible to be 
sure that a thousand individuals represent a homo- 
geneous assemblage is to pedigree these individuals from 
some common stock. Therefore, biometricians have 
helped to develop the technique of pedigree culture to 
its present perfection of control. The first man to sug- 
gest the statistical method of recording biological data 
was the English economist Malthus (1766-1834), whose 
famous ''Essays on Population'' has made his name 
very familiar as the author of the so-called ''Malthusian 
doctrine. ' ' This seems to have been the first application 
of statistics to biological phenomena, but it had nothing 
to do with the study of heredity. It was a statistical 
study of the ratio of increase of the human population, 
with the conclusion that the population always tends to 
increase faster than the production of subsistence, and 
therefore that there is absolutely no cure for poverty. 
It was this piece of work that suggested to Quetelet 
(1796-1874), the Belgian mathematician and astrono- 
mer, the application of statistics to a study of varia- 
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tions, which, of course, is one of the important problems 
of heredity. Quetelet is often called an anthropologist 
because he applied his statistical method of measure- 
ments to different parts of the human body. He dis- 
covered that the variations in these measurements fol- 
low definite laws, and he formulated a law which has 
since been called by his name. This law is cited by 
biometricians as the starting point of their work. 

The real development of biometry as an elaborate 
method is due, however, to a group of English investi- 
gators. In 1899 Francis Galton published his ''Natural 
Inheritance," which was the pioneer book on biometry, 
and established it as a definite subject. Galton was a 
grandson of Erasmus Darwin, and Charles Darwin's 
cousin. Extensive use of the statistical method in in- 
vestigations has been made by Weldon, but the method 
of using statistics has been developed chiefly by the 
mathematician Pearson. The method of biometry has 
not as yet been applied in practical plant-breeding, but 
there is no reason why it should not be. The technique 
of pedigree culture, however, has been the contribution 
of biometricians to practical plant-breeding. 



GENETICS 



The name genetics has been applied to the 'use of 
pedigree culture in the very extensive study of indi- 
viduals generation after generation. The sharp con- 
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trast between biometry and genetics, therefore, is that 
the former deals with populations and the latter with 
individuals. Biometry is more or less committed to 
natural selection, and was an early outgrowth from 
that theory, while genetics is more committed to muta- 
tion, and certainly to Mendelism. At present genetics 
is being developed much more extensively than any 
other method of studying evolution and heredity, so 
that many investigators who started as biometricians 
have become geneticists. This does not mean that bi- 
ometry has been abandoned as a method, but that the 
most pressing problems are to be solved by the method 
of genetics. 

The real founder of the ''school of genetics," as it 
is sometimes called, was the Austrian monk, Gregor 
Mendel (1822-1884). The law which he announced as 
a result of his experiments has become the working 
basis of practically all investigations in genetics. In 
the next chapter this will be presented in some detail, 
but at this point an outline sketch of the work of ge- 
netics must include some facts in reference to Mendel. 
He conducted his experiments in the cloister garden of 
the monastery of Briinn, to which he belonged. He 
selected the common garden pea for his cultures, and 
after eight years of work published his results in 1865. 
These results came at a time when the theory of natural 
selection was attracting universal attention, and was 
directing the thought and work of biologists in general. 
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For this reason, perhaps, the publication of Mendel was 
lost sight of and remained unnoticed until 1900, thirty- 
five years after its appearance. It was in that year that 
three students of genetics discovered it simultaneously. 
The three investigators who really introduced Mendel 
to biologists, sixteen years after his death, were DeVries 
of Holland, Correns of Germany, and Tschermak of 
Austria. Since that time ''Mendel's law" has formed 
the basis of all work in genetics. 

After Mendel, the most important contribution to 
genetics has doubtless been the work of DeVries in de- 
veloping his theory of mutation, for it stimulated the 
experimental study of evolution and heredity by means 
of pedigree cultures as no other single work has done. 
Working simultaneously with DeVries in Amsterdam 
was Correns of Leipzig, who has recently become the 
director of an extensive station for experimental study 
of evolution at Berlin. Tschermak, working at Vienna, 
was another one of the original trio to stimulate the 
study of genetics. 

Since that time groups of investigators in genetics 
have been developed in almost every country. In Eng- 
land the most notable work has been done by Bateson 
and his associates. In the United States the Carnegie 
Institution has established a station for the study of 
experimental evolution, at Cold Spring Harbor, Long 
Island, under the directorship of Davenport. At the 
Bussey Institute, of Harvard University, Castle and 
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East have done most valuable work in genetics, the 
former with animals, the latter with plants. At the 
University of Chicago a very extensive series of pedi- 
gree cultures of the Colorado beetle have been carried 
through by Tower, for a number of years ; the cultures 
being conducted not merely at the University, but also 
at the Desert Laboratory at Tuscon, Arizona, and at 
various stations in Mexico and in the American tropics. 

A tendency of the later work in genetics is to pass 
beyond the mere record of observations connected with 
a long series of pedigree cultures, and to attempt to 
induce variations. Methods have been devised for in- 
fluencing eggs and sperms in various ways, and the 
result has been the production of numerous forms dif- 
fering from those produced ordinarily. In other words, 
experimental work is now attempting not merely to 
observe variations, but to produce them. The practical 
applications of this extension of experimental work are 
obvious. Not only can natural variations be detected 
and selected for culture, but artificial variations can be 
produced. In plant-breeding this extends enormously 
the possibilities in securing almost any kind of plant 
that is needed. 

It is obvious that the technique of pedigree culture 
opens up numerous possibilities to the practical plant- 
breeder. Since no two individuals are exactly alike, 
even when produced by the same parent, there are end- 
less variations to select from. Instead of merging these 
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variations in some average result, as mass selection does, 
pedigree culture can keep them separate, and thus per- 
petuate numerous races. When it is remembered that 
great variations in cultural conditions must be met by 
corresponding variations in races of plants, it is evident 
that many results in breeding each kind of crop, rather 
than an average result, must be secured in order that 
each region may produce a maximum yield. Further- 
more, with a pedigreed race of individuals the deteri- 
oration that comes from the crossing of desirable and 
undesirable individuals is reduced to a minimum, for 
all of the pedigreed individuals are better than the 
average of mixed races. 



SXTMMABY 

Pedigree culture means the selection of an individual, 
controlling its reproduction, and keeping an exact record 
of its progeny. The control in the case of plants in- 
volves rigid control of pollination, so that both parents 
of any individual in a series of cultures may be known. 

The technique of pedigree culture was developed first 
in biometrical investigations. Biometry is a statistical 
study of variations by which it can be discovered 
whether a given population is remaining constant or is 
changing its character. It does not suggest any ex- 
planation of evolution or of heredity, but records the 
general movements of variations, much as the weather 
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service records the movements of atmospheric pressure. 
The necessity for pedigree culture in such work is that 
the population studied^ must be homogeneous, that is, 
made up of individuals from a common stock. 

Genetics uses pedigree culture in the study of indi- 
viduals rather than populations, to discover the laws of 
inheritance. At present genetics is the prevailing 
method used by students of evolution and heredity; in 
fact, it is the only method by which the definite facts 
of heredity can be secured. By means of it pure strains 
can be separated from mixtures, the behavior of hybrids 
can be observed, and the constancy of species tested. 

The application of pedigree culture has revolutionized 
practical plant-breeding, making it possible to take ad- 
vantage of the extreme variability of plants and to 
secure races adapted to the greatest variety of cultural 
conditions. It will be seen later that pedigree culture 
also supplies a very direct means of securing resistance 
to drought and disease. 



CHAPTER VIII 

MENDEL'S LAW 

Any plant-breeder who desires to work intelligently 
with plants must have some knowledge of Mendel's law. 
As has been stated, this law is the working basis of 
practically all the experimental work in plant-breeding. 
To use a law as a working basis does not imply neces- 
sarily a belief in the infallibility of the law. Some in- 
vestigators are ready to explain every phenomenon of 
inheritance in terms of Mendel's law ; while others doubt 
whether all of the observed phenomena can be explained 
in this way. In any event, it is a powerful tool and its 
use should be understood. 

In the preceding chapter a brief statement was made 
in reference to the personality of Mendel and the date 
of his work. Mendel (1822-1884) was an Austrian 
monk and abbott in the monastery of Briinn, where he 
conducted his experiments in the cloister garden. After 
eight years of work he published his results in 1865, 
in the Proceedings of the Natural history Society of 
Briinn, under the title ''Versuche iiber Planzenhy- 
briden. ' ' This paper of forty pages has become a great 
biological classic, having been translated into the lan- 
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guages of all civilized countries. It remained unknown 
until 1900, when it was brought to light simultaneously 
by DeVries, Correns, and Tschermak, as stated in a 
previous chapter. The cause of this curious neglect 
was probably due chiefly to the recent appearance of Dar- 
win 's ''The Origin of Species," which was attracting 
universal attention ; and in part to the fact that a more 
or less speculative theory of general evolution was more 
in accord with the interest of most biologists of the time 
than experimental work with the hybrids of peas. Ge- 
netics was not known, and the problems of heredity had 
not been attacked experimentally. Darwin's book came 
at the psychological moment for fame; while Mendel's 
paper came at the psychological moment for neglect. 

It remains now to describe briefly the nature and the 
meaning of Mendel's experiments. He wished to choose 
for his experimental work some plant with a short gen- 
eration, and also one easily cultivated. Besides these 
features, the various races or strains of the plant should 

• 

have sharply contrasted characters. He chose the com- 
mon garden pea, which has thus become the classic plant 
in the history of genetics. . It seemed to meet all of the 
requirements Mendel had in mind. "With the aid of 
greenhouse cultures two or three generations can be 
secured in a single year, the plants are easily grown, 
and the contrasting characters are distinguished 
sharply. For example, in the various races the colors 
of the flowers are purple, red, or white; the mature 
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seeds are smooth or wrinkled ; the stature of the differ- 
ent races is either distinctly tall or just as distinctly 
dwarf. There would be no trouble in recognizing the 
presence of such characters as these. 

It will be observed that all students of genetics, be- 
ginning with Mendel, use hybrids in their work. The 
reason for it is obvious, but perhaps should be stated. 
In studying the laws of inheritance it is necessary to 
discover the contribution of each parent to the progeny. 
If the parents are very much alike these contributions 
cannot be distinguished; but if they differ in strongly 
contrasted characters there can be no question as to 
what each parent has contributed. For example, when 
Mendel crossed a purple-flowered race with a white- 
flowered one, the progeny would show at once just what 
each parent had contributed in color of flowers. In 
other words, the use of hybrids in genetics resembles 
the use of the microscope in morphology ; it makes facts 
obvious that otherwise would be invisible. At the same 
time it must be remembered that the laws of inheri- 
tance made obvious by the use of hybrids apply as well 
to inheritance from similar parents. What is true of 
inheritance in hybrids, therefore, is true of inheritance 
in general. 

After the selection of his material, the high quality 
of Mendel as an investigator was shown by the method 
he adopted. Each one of the races of peas which he 
handled possessed a number of characters, and it would 
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seem natural to watch the behavior of all of these char- 
acters through the successive generations, but Mendel 
concluded that he should focus his attention upon one 
character at a time, just as a microscope is focused 
upon one object at a time. Therefore, he traced the 
color character through a series of generations, and paid 
no attention to the other characters, and so for each 
character in turn. At the conclusion of his experi- 
ments he discovered that all the characters thus traced 
through independently were behaving alike, and he was 
able to formulate his general law. 

One of the first things he discovered was that in 
crossing two plants it made no difference which was the 
pollen parent and which was the ovule parent; the 
results were the same. In experimental work of this 
kind it is expected that the investigator will perform 
what is called reciprocal crossing. For example, if 
Mendel had used a purple-flowered pea as the pollen 
parent and a white-flowered pea as the ovule parent, the 
reciprocal crossing would be to perform another ex- 
periment in which a purple-flowered form would be 
used as the ovule parent, and the white-flowered form 
as the pollen parent. 

The easiest way to understand Mendel's results is to 
take a simple illustration. For our purpose the crossing 
of purple-flowered and white-flowered races may be 
used. When the purple-flowered and white-flowered 
forms are crossed, the progeny consists of plants which 
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have received characters from two kinds of parents, 
and therefore are hybrids. In genetics this hybrid 
generation is spoken of as the Fj generation. The im- 
portant fact connected with this generation is that in 
our experiment every individual has purple flowers, 
although one of the parents was white-flowered. The 
natural question is, what has become of the character 
of whiteness ? Has it disappeared, or has it been merely 
suppressed ? It will be discovered that in the next gen- 
eration white-flowered individuals appear again, so that 
it is obvious that in the hybrid (Fj) generation the 
character of whiteness has simply been suppressed. 

To express this situation, Mendel used two terms with 
reference to each pair of contrasting characters. For 
example, the purple character, which is contrasted with 
the white character in this experiment, he called 
dominant, because it dominated over the other color; 
and the white character, which did not express itself, 
he called recessive, which means practically the same 
thing as the older term latent, often applied to the idea 
that characters are present which do not develop. This 
experiment shows, therefore, that purple is dominant 
over white in the crossing, and other experiments with 
the peas showed that red is dominant over white. In 
the same way Mendel discovered that tallness is dom- 
inant over dwarfness, so that from pairing dwarf and 
tall parents, the Fi generation would all be tall. 
Moreover, Mendel discovered that in his experiments 
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there was no such thing as blending of contrasted char- 
acters. For example, in crossing a tall race with a 
dwarf one, one might expect that the progeny would 
show some intermediate stature, as though an average 
had been struck, but this never happened in such con- 
trasted characters. One character or the other ex- 
pressed itself as though the other were not present. 
Such characters as do not blend in reproduction, but 
remain independent of one another, are now spoken of 
as unit characters, which means that they maintain 
their individuality through association with all sorts 
of other characters. 

Menders law really appears in the Fg generation, that 
is, the progeny of the hybrid or F^ generation. Con- 
tinuing the experiment selected, the Fg generation is 
made up of three kinds of individuals, in a definite 
ratio, which appears if four individuals are selected. 
One of the four will be a pure purple individual, as 
shown by breeding true generation after generation; a 
second will be a pure white individual, as shown by 
subsequent breeding; while two of the four will be 
purple individuals but will contain the white character 
as a recessive, as shown by subsequent breeding; in 
other words, these two individuals are simply like all 
of the individuals of the Fi or hybrid generation. The 
ratio is expressed in two different ways. In one way 
the three kinds of individuals are indicated by writing 
the ratio 1:2:1. The more common way is to indicate 
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the appearance of the four individuals by writing the 
ratio 3 :1, which means in our experiment that there are 
three purple individuals to one white one. Of course, 
this latter expression does not show that there are two 
tinds of purple individuals. The accompanying dia- 
gram (Fig. 42) will make these facts clear. 
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Pig. 42. — Diagram illustrating Mendel's law. 

To make this result more concrete, the following 
illustration may be used. In planting seeds from pur- 
ple-flowered peas, an occasional white-flowered form 
may appear. In this case it is obvious that at least 
one of the parents of the purple-flowered form had 
whiteness as a recessive character, and that there is 
one chance out of four that a white-flowered form will 
appear among the progeny. The case may be made 
even more concrete by applying it to one of the contrast- 
ing characters in human beings. For example, brown 
eyes are dominant over blue. In the case of two brown- 
eyed parents, therefore, if either one of them has in- 
herited blue as a recessive character, the chances are 
that some of the children will be blue-eyed. If they all 

128 



MENDEL'S LAW 

come true to brown eyes, the inference is that the 
parents have not inherited recessive blue. 

In his experiments Mendel included seven contrast- 
ing characters: those of flower colors (purple, red, and 
white) ; those of stature (tall and dwarf) ; and those of 
seeds (yellow and green, and smooth and wrinkled). 
In every case, before crossing for contrasting charac- 
ters, he determined by cultures that the characters were 
pure, that is, that there was no recessive asso- 
ciated with them. In every case the experiments re- 
sulted in an Fj generation uniform in appearance, all 
the individuals exhibiting the dominant character; and 
in the P2 generation there was a splitting up in the 
ratio of 3:1, the character that was recessive in the Pi 
generation appearing again in one-fourth of the Fg 
individuals. In succeeding generations, the pure in- 
dividuals of the F2 generation continued to breed true, 
the two characters having been completely separated in 
them; but the progeny of half of the F2 generation 
split up again in the same ratio. In other words, in 
breeding from a hybrid, half of the progeny in each 
generation resemble the pure parents, while half con- 
tinue to be hybrids. 

This is a very important fact in connection with 
plant-breeding, for the production of hybrids is a most 
effective way of securing desirable combinations of 
characters; in fact, the results obtained by Burbank 
have come chiefly from successful hybridizing.* Men- 
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del's law means that, if hybrids are propagated by 
seeds, which of course involve the sex act, only half of 
the individuals in each generation will show the hybrid 
characters. It is evident, therefore, that the use of 
hybrids in practical plant-breeding, if all of the progeny 
are to be hybrids, must be restricted to such plants as 
can be vegetatively multiplied, as by bulbs, tubers, slips, 
etc. In general this applies to the breeding of fruits, 
and of course also to such tubers as the potato. This 
does not mean that hybridizing may not be used in con- 
nection with the breeding of cereals, which are propa- 
gated by seeds, but it does mean that in this case the 
hybrids will continuously split, and the result in each 
generation will be a partial result rather than a com- 
plete one. 

To explain the behavior of contrasting characters as 
indicated by these experiments, Mendel formulated 
a theory, which has since been substantiated by studies 
of the structure of sexual cells. He conceived the idea 
that any given sexual cell (egg or sperm) could con- 
tain only one of two contrasting characters. For ex- 
ample, the egg of the pea could contain either the 
purple character or the white character, but not both; 
that is, two contrasting characters are mutually exclu- 
sive. Very fundamental, therefore, in connection with 
Mendel's law is the theory of what is called the '* purity 
of the germ cells " in reference to characters. 

There should be no confusion as to the use of the 
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word ''character" in this connection. Mendel did not 
imagine that it represents an actual substance being 
carried by the egg or sperm, but it is whatever in egg or 
sperm determines the development of a given character. 
In that sense, perhaps the word ''determiner" would 
be better than the word character. Using it in our 
illustration, the statement would become that the egg 
or sperm of the pea could contain either a purple or a 
white determiner but not both. This theory explains 
in a very satisfactory way the results of Mendel's ex- 
perimental work. For example, if an egg and a sperm, 
each containing a purple determiner, fuse and produce 
a fertilized egg, the resulting individual will be a pure 
purple strain. However, if the egg contains a purple 
determiner and the sperm a white one, or vice versa, 
the fertilized egg will contain both kinds, and, since 
purple is dominant over white, the resultant individual 
will be purple, but it will also contain a recessive white 
determiner, which may come out in a subsequent gen- 
eration as a pure white strain. It will be observed that 
since there are two kinds of eggs in reference to con- 
trasting characters, and two kinds of sperms, and since 
eggs and sperms fuse in pairs, there are only four pos- 
sible combinations. These are as follows: there is just 
one chance out of four that two sexual cells with purple 
determiners will fuse, and the result is obvious; there 
is one chance out of four that two sexual cells with 
white determiners will fuse, resulting in a pure white 
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strain ; and there are two chances out of four that a 
sexual cell with a purple and one with a white deter- 
miner will fuse. This is exactly Mendel's law, whether 
its ratio be written 1 :2 :1 or 3 :1. These statements are 
made graphically in the accompanying diagram (Fig. 
43), the four lines indicating the four possible fusions. 
Some account of the recent development of our knowl- 
EGGS SPERMS edge in reference to what 

may be called the machinery 
of heredity will help to an 
understanding of the later 
work in plant-breeding. A 
living cell has the power of 
division, that is, it divides 

FIG. 43.-Diagram mustrating ^^^^^ ^^^ ^WO nCW CcUs are 

possible fusions of sexual the result. When a plant 

cells. ^ 

or an animal body consists 
of a single cell, this division results in two new in- 
dividuals and the disappearance of the old one. In 
the case of many-celled plants and animals, such cell 
division does not result in new individuals, but in what 
we call the growth of the body. It is obvious that when 
a cell divides to form two new ones, whether it results 
in a new individual or in growth, the laws of heredity 
are involved, since the process must involve the trans- 
mission from the parent cell to the two new cells of 
the characters which determine their resemblance to 
the parent cell. 
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In focusing attention upon this process of cell divi- 
sion, it becomes obvious that the organ of the cell known 
as the nucleus is responsible chiefly for cell division. 
Therefore, it is generally believed that the nucleus is 
the organ concerned with heredity. The nucleus, how- 




ever, has an extremely complex structure, but there is 
one feature of its make-up that must be mentioned. 
The most compact substance it contains is distinguished 
from all other substances of the nucleus by the fact 
that it takes up stains, and is thus brought out in sharp 
contrast with the rest of the nucleus. This stainable 
substance is called chromatin, the name being given to 
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it on account of this relation to stains. In an ordinary 
nucleus, the chromatin appears as a network through 
the body of the, nucleus (Pig. 44). At the approach 
of nuclear division, which of course precedes cell divi- 
sion, this chromatin is observed to pass through a series 
of remarkable changes. In the first place, the network 
becomes a continuous band, looped back and forth in 
a tangle through the body of the nucleus (Pig. 45). 
Later, this band becomes separated into distinct pieces 
(Fig. 46). These separate pieces of chromatin are 
called chromosomes, and they represent the organized 
units of chromatin. If protoplasm is the *' physical 
basis of life," as Huxley stated, it may be said with 
equal truth that chromatin is the physical basis of 
heredity. An important fact to remember is that the 
number of chromosomes is a fixed number in each kind 
of plant and animal. It is the same invariable number 
in every cell of the body, and these numbers vary 
widely when different kinds of plants and animals 
are contrasted. In other words, the number of 
chromosomes that belongs to each nucleus is one 
of the fixed characters of , each kind of plant and 
animal. 

While these changes in the chromatin material have 
been going on, there has formed about the nucleus 
what is known as a spindle, composed of delicate fibers 
that embrace the nucleus like the imaginary parallels 
of longitude embrace the earth (Pig. 47). These 
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fibers are drawn together in two poles, resulting in an 
equatorial plane where they are widest apart. When 
the chromosomes appear, they line up in the equatorial 
plane with their long axes in the plane. In that posi- 
tion each chromosome splits lengthwise (Fig. 48), and 
each half -chromosome passes to the adjacent pole 
(Pig. 49). There they come together again (Fig. 50), 
end to end, the bands and network (Pig. 51) are 
formed, and two new nuclei, one at each pole, are the 
result. In the meantime, through the equatorial plane 
a wall has been laid down (Fig. 50), and two new cells 
are the result (Pig. 51). It is obvious that each 
nucleus contains half of each chromosome of its parent 
cell. Thus the succession of cell generations, just as a 
succession of individual generations, carries forward in 
unbroken line samples of each chromosome, bearing its 
peculiar determiners. 

Having outlined the behavior of chromosomes in or- 
dinary cell division, it is possible to understand what 
occurs when sexual reproduction takes place. For the 
sake of convenience, we may assume that an egg and 
a sperm, each containing two chromosomes, fuse, form- 
ing the fertilized egg. This low number is taken for 
convenience, and not that it is at all representative 
of the numbers that usually occur among plants and 
animals. In certain plants, notably among the ferns, 
the number of chromosomes in each nucleus often 
reaches one hundred and fifty. The number, however, 
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makes no difference in considering the general situation. 
In the illustration being used, the sperm bears two 
paternal chromosomes, and the egg two maternal chro- 
mosomes, and as a consequence the fertilized egg con* 
tains four chromosomes, two paternal and two maternal 
(Fig. 52). These four chromosomes remain distinct 

throughout the whole 
development of the 
individual from the 
fertilized egg, so that 
each cell of the body- 
contains two paternal 
and two maternal 
chromosomes. How- 
ever, this does not 
mean that all four 
chromosomes domi- 
nate; in fact, two of 
the four will domi- 
nate and determine 




Fig. 52. — Diagram illustrating possible 
results of sexual fusion : i, sperm 
containing two chromosomes (AA) ; 
2, egg containing two chromosomes 
(BB) ; 3, fertilized egg containing 
two paternal and two maternal 
chromosomes ; 4^ domination of pa- 
ternal chromosomes ; 5 and 6, domi- 
nation of one paternal and one ma- 
ternal chromosome; 7, domination 
of maternal chromosomes. 



the physical charac- 
teristics of the developing individual.^ It can be seen 
at once that there are three possible combinations in 
such a domination (Fig. 52). The two paternal chromo- 
somes may dominate^ and in that case the new individual 

^This '* domination of chromosomes" is used to illustrate a 
general situation, rather than to state a fact. Such a fact is not 
within reach of proof as yet. 
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will resemble the male parent. The two maternal chro- 
mosomes may dominate, and in that ease the individual 
will resemble the female parent. There are two chances 
out of four that the dominating chromosomes will be 
paternal and mater- 
nal, and in these cases 
the new individual 
will blend the charac- 
ters of the two par- 
ents. It will be ob- 
served that this is 
exactly the ratio of 
Mendel's law. 

It must not be 
understood, however, 
that this performance 
determines sex. The 
resemblance to the 
parent is merely in 
bodily appearance, so 
that maternal chro- 
mosomes may result in a male who resembles the 
mother, or paternal chromosomes may result in a female 
who resembles the father. When the individual with 
four chromosomes, two of which have dominated in its 
development, reaches the stage when it produces repro- 
.ductive cells (eggs or sperms), the chromosomes be- 
come segregated in these cells, each containing only 
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Fig. 53. — Diagram illustrating result of 
reduction : 1, ordinary cell of body 
containing the double number of 
chromosomes ; 2-5, eggs or sperms 
containing the reduced number, and 
illustrating the possibilities in the 
distribution of paternal (AA) and 
maternal {BB) chromosomes. 



FUNDAMENTALS OF PLANT-BREEDING 

two. Therefore the eggs or sperms produced will be 
three kinds (Pig. 53) : those with two paternal chromo- 
somes, those with two maternal chromosomes ; and those 
with one chromosome from each parent. When these 
three kinds of eggs pair with three kinds of sperms, 
it is obvious that, if a total of four chromosomes is 
involved, there will be at least three possible results: 
fertilized eggs with four paternal chromosomes; those 
with four maternal chromosomes ; and those with a pair 
of chromosomes from each source. This gives the 
Mendelian ratio again, and shows how a recessive char- 
acter, lost in a hybrid generation, reappears in the 
following generation, for in one-fourth of the Pg 
progeny it is not associated with the character which is 
dominant over it. Of course, there are possible com- 
plications in these combinations that will occur to any 
one, but in the interest of clearness at this stage of the 
discussion they are omitted. 

The question of sex determination has been a problem 
for a long time ; but only in recent years has it yielded 
definite results. When it is said that the determination 
of sex is perhaps now understood, it must not be in- 
ferred that sex can be controlled. Sex determination 
and sex control are two very different things. In study- 
ing the sexual cells of certain animals, it was discoverec 
that in the eggs and sperms there might be present an 
extra chromosome, not to be accounted for in the 
ordinary organization of the nucleus. This extra 
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chromosome sometimes differs in size, sometimes in 
staining reaction, and always in behavior from the or- 
dinary chromosomes. It was called the X chromosome, 
the letter of course indicating, as in algebra, an un- 
known quantity. These X chromosomes were first dis- 
tinguished clearly and studied most completely in 
certain insects, notably the grasshopper and bedbug. 



EGG 



SPERM 




.FEMALE 



EGG 



SPERM 




MALE 



Fig. 54. — Diagram illustrating the X chromosome result. 



As yet they have not been distinguished with such 
clearness among plants, but they have been de- 
tected as extra chromosomes, and often as differing in 
form. 

These X chromosomes are now coming to be called 
sex chromosomes, because they seem to determine the ' 
sex of the individual produced by the fertilized ^g^. 
So far as known, every ^gg contains one of these 
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chromosomes, and approximately half of the sperms 
contain each an X chromosome, the other half being 
without this body. Why it is that each egg contains 
such a chromosome and only half the sperms do, is a 
difference explained by the method of origin of eggs 
and sperms, which needs no explanation here. If an 
egg fuses with a sperm containing an X chromosome, 
thus bringing two X chromosomes into the fertilized 
egg, the result is always a female (Pig. 54). If, on 
the other hand, an egg fuses with a sperm that does 
not contain an X chromosome, thus bringing only one 
such chromosome into the fertilized egg, the result is 
invariably a male (Pig. 54). Since the chances are 
about even that sperms with and without X chromo- 
somes will pair in about equal numbers with eggs, the 
result is that approximately about the same number of 
males and females are produced. It is evident, there- 
fore, that the character of the sperm determines the 
sex of the progeny. Of course it is not understood 
why such a chromosome should determine sex, any more 
than why other chromosomes are concerned in deter- 
mining other characters. So far as our knowledge 
goes, they are merely associated with the results that 
appear. 

Not only should plant-breeders be acquainted with 
Mendel's law; with what is meant by unit characters; 
with the behavior of these characters in inheritance; 
and with sex determination; but they should also have 
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some knowledge of parthenogenesis, which means the 
development of an individual by an egg which has not 
been fertilized. This phenomenon occurs both among 
plants and animals, and, among plants, at least, it oc- 
curs even among the highest forms. This would seem 
to indicate that it is entirely possible for the egg to 
proceed in the development of a new individual without 
the presence of a sperm. This often happens in nature, 
and it has been accomplished artificially by stimulating 
the unfertilized egg with chemical substances, or by 
some physical change. This situation may be under- 
stood easily when it is realized that a great many plants 
and animals of low grade have no sexual reproduction, 
but reproduce either by ordinary cell division, or among 
plants by what are called spores. Sexual reproduction 
was the very last form of reproduction to be introduced 
among plants, and it is known that eggs and sperms 
among plants were derived from spores. When an egg 
proceeds by itself to produce a new individual, it is 
simply doing what any spore is able to do, and, there- 
fore, parthenogenesis is merely a case where an egg 
does what its ancestors always did. In other words, it 
is ** harking back" to an old power. Among the plants 
under cultivation, therefore, it must not be a matter 
of surprise that now and then good seeds are developed 
in the entire absence of pollen, and such seeds, of 
course, breed as true as though reproduction were by 
grafting or slips. 
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SUMMABT 

A brief statement of Mendel's law is that when a 
hybrid reproduces, its progeny ** splits'' into the defi- 
nite ratio 3:1; that is, three- fourths of the progeny 
resemble one of the parents of the hybrid, and one- 
fourth resemble the other parent. 

Involved in this law is the idea of unit characters; 
which means that characters retain their individuality, 
being transmitted intact, and not blending with other 
characters. When two characters are mutually ex- 
clusive, one of them is always dominant over the other, 
which is then said to be recessive. 

When hybrids are produced from parents that differ 
in some contrasting character, as color of flowers, all 
the hybrids will exhibit the dominant character; that 
is, they will all look alike, so far as this character is 
concerned. But when the hybrids reproduce, the Men- 
delian ratio appears. 

The Mendelian ratio is often expressed as 1:2:1, in- 
dicating that three kinds of individuals are involved, 
although superficially only two kinds, in the ratio of 
3:1, seem to appear. The three kinds are forms re- 
sembling each parent of the hybrid, and these forms 
breed true, having Ijeen really segregated from the 
hybrid mixture: while the third kind comprises forms 
that contain the hybrid mixture, and in subsequent 
generations continue to split in the Mendelian ratio. 
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The explanation of this behavior of unit characters is 
that paired characters received from the two parents 
are segregated in the germ cells (eggs and sperms), so 
that each germ cell contains only one of the characters. 
In such a case there would be two kinds of eggs and 
sperms, and the chance of mating is expressed by the 
Mendelian ratio. 

The application of Mendelism in practical plant- 
breeding is in the intelligent handling of unit charac- 
ters in producing new forms; in understanding the 
limitations of hybrids; and in suggesting a strictly 
scientific technique for experimental plant-breeding. 



CHAPTER IX 

EECENT WOEK IN GENETICS 

Any account of plant-breeding which stopped with 
a definition of Mendel's law and a description of the 
cytological machinery would be very incomplete. The 
conditions which Mendel met were comparatively sim- 
ple. At least they were restricted to a single plant, so 
that the wider range of conditions was not observed. 
Mendel's law has been verified repeatedly in a remark- 
able way, but in connection with the investigations it 
has provoked, there has been a great extension of our 
knowledge of the conditions of inheritance. New sit- 
uations have developed which were not observed by 
Mendel, and most of these situations have a direct bear- 
ing upon plant-breeding. The whole subject of Men- 
delism has become so very complex that it would be im- 
possible for the general reader to understand it, but 
there are certain extensions of our knowledge of the 
subject that should be presented. Perhaps even more 
work has been done with animals than with plants, but 
our illustrations will be restricted for the most part to 
plants. 

Very early in the development of genetics there was 
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felt to be a need for terms to express certain situations. 
The list of special terms has become a long one, but 
there are a few which will be convenient in this discus- 
sion, and especially in any further reading upon the 
subject. In defining Mendel's law in the last chapter, 
it must have been obvious that the formula 3:1 is a 
formula for the appearance rather than for the consti- 
tution of the plants. For example, in the illustration 
used, a purple-flowered pea was crossed with a white- 
flowered form, and in the Fg generation there were 
three purples to one white. At the same time, the con- 
stitution of these three purple forms was not the same. 
One of them had received the purple character from 
both parents ; while two of them had received the purple 
character from one parent and the white character from 
the other. Bateson proposed the terms homozygote and 
heterozygote. to distinguish these two kinds of consti- 
tution. The homozygous plant is one that has received 
the same character from both parents; while a heter- 
ozygous plant has received a different character from 
each parent. In our illustration, therefore, the pure 
purple strain is homozygous, while the mixed purple 
and white strains are heterozygous. To further illus- 
trate the situation, it is evident that the plants of the 
Fi generation are all heterozygous, and those of the 
Fg generation are one-half homozygous and one-half 
heterozygous. 

There are two other terms which will be useful in 
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clarifying ideas. It will be remembered that Mendel's 
law really depends upon what is called the purity of 
the sexual cells (gametes) ; that is, each gamete con- 
tains only one of two contrasting characters, although 
both of them may have existed in the individual pro- 
ducing the gamete. If two pairing gametes contain the 
same character, the resulting individual will receive the 
same character from both parents, in which case the 
character is said to be duplex; that is there is a ''double 
dose'* of this character. The sexual cells from such an 
individual will all be alike so far as this character is 
concerned. On the other hand, if two pairing gametes 
contain contrasting characters, the resulting individual 
will have the dominant character from only one parent, 
in which case the character is said to be simplex; that 
is, there is a ** single dose" of this character. The 
sexual cells from such an individual will be of two 
kinds, one kind containing the dominant character, and 
the other kind the recessive. If both parents are duplex 
in a given character, all the progeny will exhibit this 
character through successive generations; in other 
words, it will come true indefinitely so long as the 
progeny are interbred. If one parent is duplex and 
the other is simplex, the Fj generation will all show 
the dominant character, but in the Fg generation there 
will appear a certain number of individuals exhibiting 
the recessive character. If both parents are simplex, 
the Fg generation will contain the characteristic 

146 



RECENT WORK IN GENETICS 

number of individuals exhibiting the recessive char- 
acter. 

■ 

Davenport's illustration of eye pigments will serve 
to indicate how vttrious situations may be analyzed. 
Brown pigment is dominant over blue, so that the 
children of two brown-eyed parents should all have 
brown eyes, but if blue eyes appear among the grand- 
children, the inference is that in one or both of the 
grandparents the .character was simplex. In this way 
the general pedigrees of plants and animals may be 
inferred and mixtures may be detected. 

The best illustration of recent work among plants 
may be obtained from the extensive scientific breed- 
ing of maize, the results of which have been summarized 
by East. 

Naturally the first work with maize was to verify 
Mendel's law, and to discover whether maize behaves 
in the same way as garden peas. It will also be of ad- 
vantage to the reader to review Mendel's work in con- 
nection with this new form. There are two conspicuous 
strains of maize, namely starchy and sweet. It is found 
that the latter condition results from inability of the 
plant to mature starch grains. The sexual cells 
(gametes) of the two strains differ, therefore, according 
to Mendel's law, in that the gametes of one strain con- 
tain the starch-forming determiner, and the gametes of 
;the other strain contain no such determiner. It is not 
a question, therefore, of two contrasted determiners, 
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one of which, is dominant over the other, but it is a 
question of the presence and absence of a determiner. 




Fia. SS.^Bohavlor of starcby and »vpet strains Id maize: at top, 
tbe parents flsbt and lett) and tbc F, geat^ratlon (middle) ; In 
center, a bIdbIp ear of the F, generation ; at bottom, the F, gen- 
eration. — After EiHT. 

In such a ease, of course, the presence of a determiner 

is always dominant over its absence. In his experimen- 
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tal work, East discovered that a cross between two 
starchy strains resulted in a pure starchy strain; that 
a cross between two sweet strains resulted in a pure 
sweet strain; but that a cross between a starchy and 
a sweet strain resulted in a hybrid strain that behaved 
according to Mendel's law. This means that all the in- 
dividuals of the Fi generation (hybrids) were starchy, 
and that in the Fg generation starchy and sweet indi- 
viduals occurred in the proportion of 3:1. Of course, 
the three starchy individuals differed among themselves, 
one being homozygous and the other two being heter- 
ozygous (Fig. 55). In this case, as the figure shows, 
the three different kinds of individuals belonging to 
the Fg generation are apparent. 

East further tested this ratio by making an actual 
count of 30,000 individuals in the Fg generation result- 
ing from a cross between starchy and sweet individuals. 
The actual count gave 23,529 starchy plants and 7,811 
non-starchy plants, which is a ratio of 3,0031:0.9969, 
which is near enough the ratio of 3:1 to be within the 
limit of possible error. 

Similar work with very many plants for many kinds 
of characters has shown the same results in most cases. 
For example, the transmission of color characters has 
been an easy subject of investigation, which has now in- 
cluded over thirty species of plants. The transmission 
of structural characters has also been investigated, as, 
for example, tallness and dwarfness, hairiness and 
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smoothness, bearded and beardless wheat, much-toothed 
and little-toothed leaves, and even two-celled and many- 
celled fruit (tomatoes). 

In most cases of crossing among plants and animals, 
the conditions are by no means so simple as in the case 
of Mendel's peas or East's maize. In these more com- 
plicated cases the results appear to be different, and 
the 3:1 ratio is not evident in the Fg generation. It 
is not understood clearly what complications are pres- 
ent that obscure the result, or that seem to modify the 
application of MendePs law. The most numerous and 
obscure complications occur in the human race, so that 
the attempt to apply strictly MendePs simple ratio to 
all human characters leads to confusion. 

A very interesting situation arises now and then that 
deserves mention. We have explained the definite ratio 
of Mendel's law by the complete purity of gametes, 
that is, when gametes are produced, the contrasting 
characters are segregated, so that each gamete has only 
one of them. In Eetst's experiments, however, there 
were cases in which pure types, separated from hybrid 
mixtures by breeding and which ought to have bred 
pure individuals, failed to do so. For example, among 
thousands of non-starchy seeds breeding true, after 
being extracted from the hybrid mixture. East found 
one occasionally which was semi-starchy and bred true 
to that character. In trying to explain such a situation 
there seem to be two alternatives : either the segregation 
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of characters in the gametes was not complete, so that 
some gametes were not absolutely pure, or else the 
character for starchiness in the course of several gen- 
erations was formed anew and became partially domi- 
nant. Future work ought to be able to determine which 
of these two alternatives is the real explanation. ^ 
Unless some more complicated case than that of such 
simple hybrids as we have mentioned is described, there 
would be danger of serious misapprehension as to the 
simplicity of heredity. There need be no attempt to 
consider extreme complications, many of which are too 
difficult even for students of genetics to analyze as yet. 
The next step toward complication will illustrate what 
difficulties arise as one proceeds from simple crosses 
to complex ones. Sometimes what seems to be a simple 
character is the result of the interaction of two factors. 
For example, in his experiments with maize, East found 
that the purple color shown by certain grains is pro- 
duced only when two complementary factors are brought 
together in crossing. The way in which this fact came 
to notice is interesting, and illustrates the methods in 
genetics. A purple race of maize, when crossed with 
certain white races, resulted in purple hybrids, as would 
be expected, which split up in the Fg generation in the 
usual ratio of 3 :1. If these were the only experiments 
with the two races concerned, purple would seem to be 
a simple character. However, in crossing the same 
purple race with other white races of maize, a very 
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diflferent ratio was obtained. By analyzing the situa- 
tion through breeding, it was discovered that the purple 
is not a simple factor, but is produced by a combination 
of two complementary factors. To procure the ratio of 
splitting in such a case it is necessary to multiply 
the simple ratio 3:1. In the case just given, the ratio 
turns out to be 9 :3 :3 :1. This means that out of sixteen 
individuals, nine would be purple, because there would 
be just nine chances out of sixteen that the two purple 
factors would meet ; and that one individual out of six- 
teen would be white; and that the remaining indi- 
viduals would be mixtures. 

A very important fact in connection with the exist- 
ence of what may be called complementary factors 
is that they explain what has long been called latency, 
for latency evidently results from the fact that two 
complementary factors become separated in breeding, 
and so the character disappears, and never reappears 
unless two individuals bearing the complementary fac- 
tors happen to be crossed. A very interesting illustra- 
tion of this is obtained from the result secured by 
Bateson in his cultures of sweet peas. In crossing two 
cultivated races with white flowers, the hybrid genera- 
tion secured was purple-flowered, the color of the wild 
race of sweet pea. This simply means that in culti- 
vating races of sweet peas and separating white-flow- 
ered forms, the two factors producing purple were 
separated and when they were brought together in 
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crossing the purple reappeared. Of course, it seemed 
a mystery to most people that crossing two white races 
resulted in a purple one. The same result was obtained 
by East in connection with the purple race of maize 
mentioned above, in which purple was found to be. 




Fig. 56. — Purple seeds produced by ecosalng white seeds.— After East. 

not a simple character, but one produced by a combina- 
tion of two complementary factors. These factors had 
become separated in breeding, so that the purple color 
had disappeared ; but upon crossing two white races, 
the purple color reappeared (Fig. 56). 

In addition to complementary factors, there have also 
been discovered factors that are coupled with one an- 
other and are transmitted together, and also factors 
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that are antagonistic to one another, a term which ex- 
plains the result. A case of coupling of factors has 
been shown by Emerson's experiments with maize. 




lb and sevd coupled Id InhcritaDce (F, generation) : 
1, s, S wltb red cobs and seeds ; ear 4 wltb wblte cob and 
—After B4ST. 



There are races of maize with red cob and red seed. 
In breeding such races and crossing them with races of 
no color, either in cob or seed, it appears that the red 
factors for the cob and for the seed are usually handed 
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down together, that is coupled (Pig. 57), but they may 
be separated experimentally so as to show they are 




Fia. S8, — Red cob and seed eeparatod In li 

eara l and ^, like parents, are pure types ; ( 
heterozf sous. — After Bast. 
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really two factors coupled together, and not one factor. 
Emerson produced races with red seed and white cob, 
and vice versa (Fig. 58), showing that these two features 
are not necessarily linked together. 

There are also cases of what are called blends, which 
may result either from incomplete dominance or from 
the absence of any dominance. For example, it hap- 
pens in the crossing of certain purple and white races 
of maize that the hybrid progeny has pinkish grains, 
which means an incomplete dominance of the purple. 
The classic illustration and the best one of blends is 
obtained from Andalusian fowls. There is a blue type 
of this race of fowls that never breeds true, and of 
course remained for a long time a puzzle to poultry 
fanciers. It was found that if two blue fowls were 
mated, only one-half of the progeny was blue. One- 
fourth being black, and the other fourth splashed white. 
The black and white strains breed true, and when black 
and white strains are crossed all of the progeny are 
blue. This led to what was called the paradox in the 
case of this inheritance, namely, that black crossed with 
white produces twice as many blues as blue crossed with 
blue. This simply means that blue is not a character 
represented by a determiner, but appears only by bring- 
ing black and white together with no dominance of 
either. 

These are simple illustrations of the complications 
that arise, so that, although the fundamental law of 
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heredity is simple, the interpretation of many cases 
becomes difficult. 

SUMSIABY 

Mendel's experiments dealt with very simple prob- 
lems of inheritance, so that the more complex situations 
were not realized when his law was formulated. The 
more recent work in genetics has included complex 
situations, and as a result the application of Mendel's 
law has often become so complex as to elude those who 
are not professional students of genetics. In a general 
way, however, the confirmation of Mendel's law has 
been remarkable. 

The a(Jvance in genetics required the development of 
a special vocabulary to indicate situations clearly and 
tersely. Among the terms introduced, perhaps the most 
used and most useful are homozygous and heterozygous, 
the former referring to an individual that has received 
the same character from both parents, and the latter 
to an individual that has received from each parent a 
character contrasting with the other. The two indi- 
viduals appear alike in reference to the given charac- 
ter, for the dominant will express itself, but they are 
very unlike in their breeding capacity. 

In connection with the development of genetics new 
situations have been discovered as follows: the occa- 
sional reappearance of a character which has been elim- 
inated by separating a pure line from a mixture; the 
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occurrence of characters that are not strict unit char- 
acters, but depend upon the interaction of complemen- 
tary factors, often producing unexpected results, and 
accounting for much of the so-called latency of char- 
acters; the occurrence of coupled characters that are 
usually transmitted together, but may be separated by 
breeding; the occurrence of antagonistic characters, 
which neutralize one another; and the possibility of 
blends, which may mean incomplete dominance or the 
entire absence of dominance. 



CHAPTER X 

COMBINATION OF CHABACTERS 

A very old method of obtaining desirable plants is 
by means of artificial hybrids. In this way it is pos- 
sible to obtain combinations of characters which do not 
appear in any pure strain. This work involves special 
skill in technique, for it means not only hand pollina- 
tion, but also pollination at exactly the right time, and 
a careful guarding of the treated plants from foreign 
pollen. It is perhaps easy to recognize the proper con- 
dition of the pollen, for it is in condition to do its work 
when it is being shed by the anthers; but to recognize 
the proper condition of the stigma is not so easy. This 
receptive surface must be excreting its characteristic 
nutrient solution for the pollen grains, so that if pollen 
is applied either before or after this period if is of no 
avail. Naturally, therefore, only those plants can be 
crossed whose pollen and stigmas are ready at the same 
time. Even when the time relations are appropriate 
there is great diversity in the potency of pollen upon a 
given stigma. To secure successful crosses, therefore, 
involves more technical skill and knowledge of plants 
than is generally supposed. 
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When the crossing has been efiPeeted and a generation 
of hybrids secured, it does not follow that all of the 
hybrid individuals will show the desired combination. 
If a plant-breeder uses a small number of hybrids he 
may work for a lifetime without securing the desired 
combination. If he uses hundreds of hybrids he is 
more likely to secure the combination sooner or later. 
If he uses thousands of hybrids he may be almost sure 
that one or more of them will show the combination 
sought for. In other words, the bare chance of secur- 
ing a combination can be changed into reasonable cer- 
tainty if the number of hybrids is large enough. It is 
this use of very large numbers that has brought such a 
great measure of success to the various combinations 
sought for by Burbank. Our best illustration as to 
what can be done in plant-breeding by the use of hy- 
brids can be obtained from his work. 

There is a wild blackberry which has a white or 
cream-colored fruit of peculiar flavor, but it is very 
small. The well-known Lawton blackberry of cultiva- 
tion is large and black. Burbank conceived the idea 
of combining the color of the wild berry with the size 
of the cultivated berry. The necessary crosses were 
made and, among the thousands of hybrid individuals 
produced, one or more showed the desired combination. 
Such an individual was used for propagation and a 
race of large white blackberries was established. 

The seedless apple has become rather famous, but it 
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was secured in just the same way. There have always 
been seedless apples, but they have never been of good 
quality. Burbank crossed a poor seedless apple with 
an apple of good quality, but containing seeds. Among 
the numerous hybrid individuals produced this combina- 
tion was at last secured, so that now there are seedless 
apples of fine quality. 

Perhaps as well-advertised a case of hybridizing as 
any that has been performed is that which resulted in 
the so-called spineless cactus. In the arid regions in- 
habited by the various species of cactus it would be of 
great advantage if the cactus could be used as a forage 
plant for stock. This, however, is said to be impossible 
on account of the spines which make cactus plants un- 
approachable. At the same time, those cactus forms 
known as the prickly pears are very succulent, and 
would be very useful for forage if the spines did not 
prevent. All kinds of cactus produce occasional indi- 
viduals that are relatively spineless, and in some species 
these individuals are quite common. Those species, 
however, that show numerous spineless individuals are 
not succulent, and therefore are of no use as forage. 
The problem which Burbank set for himself was to 
combine the spineless character of the useless cactus 
with the succulent character of the very spiny prickly 
pear. It was a difficult piece of technique, but was 
finally accomplished, so that now a race of spineless 
cactus is announced as a forage plant suitable for arid 
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regions (Fig. 59). The range of conditions in which it 
will grow is somewhat limited, so that its exploitation 
beyond this limited range is commercial rather than 
scientific. - 

In these cases, which may serve as illustrations for a 
great many, it should be recognized that no new prin- 
ciple is involved; that there is no mysterious elimi- 
nation of color, and seeds, and spines, but that the use 
of large numbers of hybrids, coupled with great skill 
in the technique of hybridizing, secured the results that 
were to be expected. Another fact in connection with 
these hybrids, or any others, is that they are subject to 
the operation of Mendel's law, and therefore must split 
up in each generation, provided they are propagated 
by seeds, which, of course, involves sexual reproduction. 
In such a case, therefore, if two relatively undesirable 
parents are crossed and a desirable hybrid secured, in 
subsequent generations half of the plants will represent 
the undesirable parent forms, and only half will con- 
tinue the desirable hybrid. It will be noticed, however, 
that the hybrids mentioned, and most others produced 
for permanent use, are of plants that can be propagated 
vegetatively. The white blackberry and the spineless 
cactus, and of course the seedless apple, do not need to 
be reproduced by seeds, but by cuttings or grafting or 
vegetative multiplication of some kind. 

It is possible to secure not merely ordinary hybrids, 
but what are known as triple hybrids, by combining 
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three diflferent races or species. This, of course, cialls 
for a much higher development of technique than or- 
dinary hybridizing. The most notable illustration of 
this is Burbank's Shasta daisy, in which he has secured 
a combination of characters belonging to three distinct 
parent stocks: the American, English, and Japanese. 
The characters combined in this triple hybrid are in- 
teresting. The American daisy, or marguerite, is a 
very free bloomer, but with an undesirable type of body, 
the stem having a sprawling habit and the leaves not 
being attractive. Its English relative has an attractive 
body, the stems standing erect and producing handsome 
leaves. The Japanese form has flowers with a remark- 
ably attractive pearly luster. Burbank sought to com- 
bine in one plant the profuse blooming of the American 
form, the stately carriage of the English form, and the 
pearly luster of the Japanese form, and the result was 
the Shasta daisy (Fig. 60). This kind of hybrid is 
apart from our present purpose, but it illustrates what 
may be possible in connection with plant-breeding after 
we have accomplished all that ordinary hybridizing can 
do. Another interesting fact in reference to the Shasta 
daisy is that it is propagated by seeds, and apparently 
is not showing the ratio of splitting called for by Men- 
del's law. 

The most important fact in connection with hybridiz- 
ing remains to be told. It is useful to secure a combina- 
tion of desirable characters, but it is necessary to secure 
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as great vigor and yield as possible, and this stimulus 
to vigor is a common efiPeet of hybridizing. It is true 
in general that a hybrid plant grows more rapidly and 
becomes larger than either parent. Burbank secured 
this in a striking way in crossing an American walnut 
with an English walnut, and as a result has produced 
a hybrid walnut that grows much more rapidly and 
becomes much larger than either of the parent forms 
(Fig. 61). He also crossed the California dewberry 
with the Siberian raspberry, both of them species be- 
longing to the same genus, and both of them compara- 
tively worthless as berries, and secured among the hy- 
brids fine and vigorous plants with large berries. 

This same fact has been discovered in connection with 
corn-breeding. A cornfield is the most extreme mix- 
ture of different kinds of individuals represented by 
any one of our field crops. This means that the ordi- 
nary commercial maize is a mixture of a great many 
strains or races. "When these races were separated from 
one another by pedigree culture and pure strains were 
thus secured, it was found that the individual plants 
deteriorated in vigor in proportion to the purity of the 
strain. This deterioration went down to a certain fixed 
level, which represented the natural vigor of each 
strain, and which was very inferior to the ordinary 
plant of the mixed fields. By crossing any two pure 
strains a much more vigorous plant was obtained. This 
situation is illustrated roughly by the results of self- 
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pollination and crosa-pollination in maize. The cross- 
bred plants grow much more rapidly and vigorously 
than do the elose-bred plants (Fig. 62), Hybridizing, 
therefore, is a stimulus both to the rate and amount of 
growth. Another way of stating this fact is that the 




FiQ. 62, — Rows of maize shawing effect of close and croas-polll nation, 
tbe two towa of abort plants (In center) resulting from close pol- 
lination.— After DeVrieb. 

more unlike the two parents are, the more extreme does 
the stimulus of growth become. Vigor may be expected 
then to come from dissimilar parents, and this has been 
found to apply to the human race as well as to plants. 
The question is often raised as to the possible range 
of hybridizing. Of course it is a common experience 
of the plant-breeder to cross closely related strains or 
races, and also to cross what are known as related 
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species, but can genera be crossed, or even more dis- 
tantly related plants ? This question has not been an- 
swered fully, but certain genera have been crossed, and 
the limit of crossing has yet to be discovered. It must 
not be supposed that there is any definite boundary line 
for crossing within which. any forms can be crossed. 
Plants are exceedingly variable in this regard. In some 
genera all the species will cross freely, while in other 
genera certain of the species will not cross at all. Even 
races of the same species may refuse to cross. The pos- 
sibility of crossing suggested by relationship must al- 
ways be tested experimentally before there is any as- 
surance that crossing is possible. There can be no 
doubt but that there has always been an immense 
amount of crossing in nature, and it is probably true 
that the vigor and tone of plants depend upon free 
crossing of different kinds. It is probably true that 
permanently new forms have been produced in this way, 
as well as by natural selection, mutation, or orthogen- 
esis. 

Another use of hybridizing is beginning to be devel- 
oped, and will certainly prove of very great importance. 
Not only can it be used to secure a desirable combina- 
tion of characters, and to secure vigor, but it can also 
be used to eliminate characters that are undesirable and 
destructive. One of the best illustrations of this use of 
hybridizing may be taken from the experiments of 
BiflPen in England upon the English races of wheat. 
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The English wheats have been brought up to a high state 
of productiveness, so that the productive power is per- 
haps as high as that of any other wheats that are grown. 
At the same time, this high productive quality has be- 
come associated with the destructive rust disease. In 
other words, these high-grade^ wheats are peculiarly 
susceptible to this disease. While the rust does not de- 
stroy the wheat plants, its presence deteriorates the 
quality of the grain, so that the grain secured from 
rust-infected plants makes a very inferior bread. Bif- 
fen searched through various countries for strains of 
wheat resistant to rust, and he found them, but they 
were races with a low yield. What he did, therefore, 
was to seek the combination of the rust-resistance of the 
poor wheat with the high quality of the susceptible 
wheat, and this he secured in a very complete way, so 
that now we have in England races of wheat of high 
yield and quality, and at the same time rust-resistant. 
In this case, since wheat is propagated by seed, this de- 
sirable hybrid must reckon with MendePs law. As will 
be seen later, hybrids are said to be ''fixed," which does 
not mean that they do not split, but means that the 
average of the crop is desirable. If the seed is carefully 
selected each generation, the undesirable forms can be 
eliminated until the average of the crop is very high. 
Of course it will always contain undesirable individuals, 
representing the original parents of the hybrid. 

Another illustration of the use of a combination of 
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characters to eliminate undesirable ones may be ob- 
tained from the work of Webber and Swingle on cit- 
rus fruits. As is well known, the great enemy of the 




F:o. C3. — Aj froet-rpslBtant orange ("rusk cltrangi>"| produced a 
hybrid ; B, the hardy, trlfullato oraoee UBid In iiroduclng 
hyltria.— AHiT Yi-ac Booh, Uept. Agrl. 



orange-grower in Florida is the occasional frost, just as 
the occasional drought is the great enemy of the maize- 
grower. The problem that "Webber set for himself, 
therefore, was to secure, if possible, a frost- resistant 
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orange. In his experiments he crossed the ordinary 
orange with a well-known but useless hardy form. 
Among the hybrids produced he secured, not merely a 
combination of good quality and frost-resistance, but 
several very desirable varieties on account of their pe- 
culiar qualities (Fig. 63). He reports that the trees 
of three valuable varieties produced have endured a 
temperature of 8° F., and the statement is further made 
that through this kind of work the orange culture can 
be extended four hundred miles north of its present 
range. 

SUMMABY 

The uses of hybrids in plant-breeding are numerous, 
and the successful practice of hybridizing requires great 
technical knowledge and skill. 

Perhaps the most important use of artificial hybrids 
is to secure a combination of desirable characters which 
does not exist in any plant. The desired combination 
may appear only in one individual among thousands of 
hybrids, so that very large numbers must be used to 
insure success. It is this combination of characters that 
has chiefly characterized the work of Burbank. 

The most successful hybrids are those that can be 
propagated vegetatively, since reproduction by seeds, 
involving the sex act, introduces the Mendelian ratio of 
splitting, so that not more than one-half of the crop 
maintains its hybrid character. 
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Another use of hybrids is to secure greater vigor and 
more rapid growth. What may be called the stimulat- 
ing effect of hybridizing is very marked, so that in many 
cases the best crop plants are those that have been in- 
telligently crossed. 

A third use of hybridizing is to eliminate undesirable 
characters, as susceptibility to diseases, to drought, to 
cold, etc.; resistance to these dangers being combined 
with the desirable qualities of susceptible plants. 

The possible range of hybridizing is not limited by 
natural relationship. Even genera have been crossed; 
but, on the other hand, closely related species, and even 
races of the same species, may not cross. 



CHAPTER XI 



THE EOLE OF HYBEIDS 



In the preceding chapter the use of hybridizing in 
securing desirable combinations and qualities was con- 
sidered. This gives one view of hybrids, and Mendel's 
law gives another. Hybrids enter so much into all con- 
siderations of heredity and plant-breeding that a gen- 
eral consideration of their nature and their practical 
applications will be helpful. 

Since the discovery of Mendel's law, which teaches 
that hybrids split in such a way that not more than one- 
half of their progeny show the hybrid character, there 
is danger that the usefulness of hybrids in plant-breed- 
ing will be too much discredited. It is the. purpose of 
this chapter to indicate the important role played by 
hybrids. It must be recognized that hybridization is 
the most important method of securing variations arti- 
ficially. There are endless variations in nature, but 
man can deliberately add to these variations by crossing 
two kinds of plants, the resulting hybrid being an arti- 
ficially produced variation. Doubtless many variations 
observed in nature are natural hybrids, but man can 
add to them artificially. Not only may variations in 
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general be multiplied in this way, but definite combina- 
tions of characters can be secured, which may be re- 
garded as planned variations. Such variations would 
never occur in nature, and yet they are often enor- 
mously useful. The only other important method of 
securing variations is to catch them as they appear 
naturally, and **fix'' them. 

The term *' hybrid" has had different applications. 
At first it was restricted to the progeny arising from 
the crossing of parents belonging to two different 
species. Since that time, however, the species concept 
has not only become more vague, but it has also been 
split up into such minor categories as varieties, races, 
strains, forms, etc., all of them expressing degrees of 
difference. As a consequence, a hybrid has come to 
mean the product arising from the crossing of two dis- 
tinctly different parents, whether they represent strains 
or races or varieties or species or even higher categories 
of classification. 

As has been stated, there is no fixed rule as to the 
possible range of crossing. In general, the possibility 
of successful crossing increases as the parents are more 
nearly related, but even apparently closely related 
species or races may prove to be incapable of crossing, 
so that the plant-breeder must test each proposed cross 
as to its possibility. In some genera the species cross 
freely, while in other genera they may cross with diflS- 
culty or not at all. In some cases representatives of 

175 



FUNDAMENTALS OF PLANT-BREEDING 

different genera may be crossed, as has been done with 
wheat and rye, wheat and barley, strawberry and rasp- 
berry, tobacco and petunia, etc. There are also recorded 
cases of crosses between representatives of different 
families, but this is so very rare that it cannot be re- 
garded as of any practical importance. 

^ The first recorded plant hybrid was made by Thomas 
Fairchild, an English gardener, early in the eighteenth 
century. He crossed carnation and sweet william, and 
this hybrid was under cultivation for more than a cen- 
tury, and possibly is still cultivated. The reason why 
the crossing of plants lagged so far behind the crossing 
of animals is that the sexuality of plants was not recog- 
nized until the close of the seventeenth century, and it 
was nearly a century later before advantage was taken 
of this knowledge in any extensive way. 

As has been said, there is no doubt but that there is 
extensive crossing of plants in nature, and that this is 
partly responsible at least for extreme variation among 
plants. It must be remembered, however, that plants 
differ widely as to the chances of crossing. Some plants 
are constructed for open pollination, as maize, and as a 
result a corn-field shows greater variation among indi- 
viduals than is shown in a field of any other cereal. 
On the other hand, the domesticated races of wheat are 
constructed for close pollination, and there is much less 
variation among individuals. This relation between 
open pollination and variation, and between close pol- 
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lination and relative constancy is probably not appre- 
ciated fully. Open pollination results in multiplying 
mixed races, while close pollination is natural pedigree 
culture. When plants are cultivated upon such a scale 
as to make protection against cross-pollination imprac- 
ticable, as in the case of all our important field crops, 
the adjustment of plants for cross or close pollination is 
a very real factor in the problem of constancy. 

To secure a hybrid means artificial cross-pollination. 
In general the method used is as follows: The anthers 
must be removed from the flowers to be artificially pol- 
linated before they have become mature enough to shed 
pollen. Usually the flower bud is opened carefully and 
the anthers are removed, either by cutting them off, or 
by pulling them off, depending upon the structure of 
the stamen. In horticulture this process is called emas- 
culation. The emasculated flower or cluster of flowers 
is then inclosed in a loose bag to prevent chance pol- 
lination. When the stigmas are mature, or in the 
condition to receive pollen, the selected and shedding 
anthers are rubbed on the stigmas, or the pollen may 
be transferred from anther to stigma by a flne brush. 
The treated flowers are then bagged again to prevent 
access of undesirable pollen until fertilization has been 
accomplished. Plants vary widely as to the ease with 
which artificial pollination can be accomplished. One 
must learn this technique as any other delicate tech- 
nique, which involves not only skill in the emasculation 
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and the transfer, but also in the recognition of the 
proper condition of the stigma. 

When desirable hybrids are produced which can be 
propagated vegetatively by tubers, bulbs, cuttings, 
grafts, etc., they breed true without further care. It is 
doubtless true that such hybrids are to be regarded as 
the most valuable. When they must be reproduced by 
seeds, however, as in the case of cereals, they must be 
** fixed." This process consists in self-pollination ('* in- 
breeding") and careful selection of the most desirable 
individuals through several generations. When this 
process is analyzed on the basis of Mendel's law it is 
evident that there is no such thing as ** fixing" a hybrid 
in the sense that all of its progeny will breed true. 
Close pollination guards it against mixture with in- 
ferior forms, and continuous selection increases the de- 
sirable characters, but the hybrid must split, and the 
total result is not to secure a uniform progeny, but to 
secure a good average. The progeny will be a mixture 
of forms, approximately one-half of which are not hy- 
brids at all. In spite of this, to produce a high average 
in such crops as cereals is very important. 

The advantages in producing hybrids are numerous, 
and the principal ones are as follows: It is clear that 
hybridizing may be used to secure desirable combina- 
tions of qualities which are not found in existing plants, 
as described in the preceding chapter. In addition to 
anticipated combinations, a great range of unlooked-for 
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variations may be secured, some of which will be found 
desirable. Such results are perhaps more important in 
floriculture than in any other form of plant-breeding. 
Frequently the characters of the two parents remain so 
distinct that the hybrid appears as a sort of mosaic 
combination of the two. 

A striking feature of many hybrids is their vigor as 
compared with that of the parent forms. In such cases 
crossing seems to act as an extra stimulus to growth, 
both in rate and amount. For example, Burbank's 
hybrid walnut tree (Fig. 61), a cross between the Cali- 
fornian black walnut and the English walnut, already 
cited, is remarkably larger than either parent. It is 
reported that this hybrid grows twice as fast as the 
combined growth of both parents. In crossing the west- 
ern dewberry with the Siberian raspberry the hybrid 
ripens its fruit several weeks before either of its parents 
and exceeds them remarkably in productiveness and 
largeness of fruit. The case of maize, mentioned in the 
preceding chapter, is a further illustration of this effect 
of crossing. It will be remembered that as pure strains 
of maize are extracted from the usual mixture of indi- 
viduals they deteriorate in size and vigor to a certain 
level, but when two pure strains are crossed the result 
is the vigorous plant we are familiar with in fields of 
maize. 

Tobacco is an excellent illustration of the increased 
vigor of a hybrid. The species in general are self- 
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pollinated, so that under ordinary circumstances they 
must get along without the increased vigor due to cross- 
ing. In consequence of this the effect of artificial cross- 
ing shows a striking contrast. It has been found that 
the varieties of the common species {Nicotiana tahacum) 
when crossed produce hybrids 5 to 20 per cent, taller 
than the average height of the parents, and also with 
somewhat larger leaves. The same thing is true in gen- 
eral for crosses of varieties of other species. Sometimes 
there is a remarkable increase in vigor, one cross re- 
corded by East resulting in hybrids double the size of 
the parents. 

In such a country as the United States there is the 
greatest diversity of soil and climate, and in conse- 
quence many races of each kind of cultivated plant are 
demanded to meet all the varying conditions. For 
example, the best tomato in New York is totally unfit 
for Florida, and the same fact holds for almost every 
kind of cultivated plant. The plant-breeder is familiar 
with the fact that the favorite races in New England 
and New York are for the most part entirely different 
from those that do best in the South and West. For 
this reason any process which develops great variation 
increases the chances of securing plants suitable for 
each region. A few illustrations will suffice. 

The oranges and lemons of Florida are occasionally 
destroyed by severe cold weather. This has led to 
enormous losses, so that nothing is more desirable for 
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Florida than hardy races of the citrus fruits. The 
plant-breeders of the department of agriculture have 
taken this need in hand, and have produced hardy races 
that should not only insure citrus culture in Florida, 
but should extend it. They used the so-called Japanese 
trifoliate orange, which has poor fruit but is hardy as 
far north as Philadelphia, and crossed it with the Flor- 
ida oranges of good quality, and secured hybrids that 
had the combination of hardiness and good quality 
(Fig. 63). 

The extension of various cultivated plants northward 
has been secured not only by selection, as has been men- 
tioned in connection with the Canadian northward ad- 
vance of wheat, but also by hybridization, by which 
hardier races and races of shorter season have been 
secured. 

It is very desirable also to extend the cultivation of 
certain plants into warmer regions. For example, pear 
culture in the southern states was impossible until a 
combination with an oriental pear, the so-called Chinese 
sand pear, was secured. This showed the necessary 
vigor and resistance to a warmer climate, and with it 
as the hardy parent the high-grade pears were crossed 
and combinations secured that revolutionized pear cul- 
ture in the South. 

In many cases hybridization has resulted in securing 
races immune to destructive diseases, the character of 
immunity being furnished usually by a parent unde- 
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sirable in other respects. The whole subject of disease- 
resistance will be discussed in a later chapter. 

One of the very interesting phases of hybridization 
is included under the name xenia, a name given by 
Focke in 1881 to indicate the direct effect of foreign 
pollen. The best proved instance of the immediate 
effect of pollen is that of maize. For example, when a 
race of white or yellow maize is crossed with pollen 
from a race of red maize, many of the resulting grains 
are red or mottled. When this was reported, nearly two 
centuries ago, and continued to be reported from the 
experience of farmers and breeders, it was thought to 
be an impossible situation. The red pollen parent, it 
was claimed, might well transmit its color character to 
the embryo, and this character would reappear in the 
grains developed by the next generation, but that it 
should have an immediate effect upon the grain in 
which the embryo was forming seemed inexplicable. 
This has all been explained now by the discovery of 
what is called double fertilization in all flowering plants. 
Not only is the embryo a product of a fusion with a 
male cell, but the endosperm is also a product of a 
fusion with a male cell, and these immediate influences 
of the pollen parent are always shown by the endo- 
sperm. In this way it has become possible in several 
cases to get the characters of the pollen parent in the 
fruit of the pistillate parent. Of course, the use of the 
phenomenon of xenia may never be very extensive, but 
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there are possibilities in it which have not yet been de- 
veloped in plant-breeding. 

SUMMARY 

One of the effects of the extensive application of 
pedigree culture and of Mendel's law has been to dis- 
credit the use of hybrids as an important feature of 
plant-breeding. There are several important advan- 
tages in producing hybrids that should be realized. 

A hybrid is not merely a product of the crossing of 
two species, but it includes all individuals produced by 
the crossing of unlike individuals, without reference 
to the closeness or distance of the relationship. 

In spite of the great variations that appear naturally 
when plants are left to themselves, many desirable 
variations are not found in nature, and many that are 
very important would never occur in nature. It is only 
through artificial hybridizing that the full range of 
desirable variations can be secured. 

Hybridizing plants began long after the deliberately 
planned crossing of animals, because the sexuality of 
plants was not recognized until the close of the seven- 
teenth century. 

The technique of artificial cross-pollination involves 
skill in the emasculation of the flowers to be pollinated ; 
in the protection of the flowers from chance pollen ; and 
in the transfer of pollen from stamen to stigma. Each 
kind of flower presents its own problems of technique. 

183 



FUNDAMENTALS OF PLANT-BREEDING 

Hybrids that can be propagated vegetatively breed 
tmie without further care; but those that must be pro- 
pagated by seeds must be *' fixed." Fixing a hybrid 
means that self-pollination is continued through several 
generations, accompanied by continuous selection of 
the most desirable individuals. The result is not an 
elimination of all individuals that are not hybrids, but 
an improvement of the average of the total population, 
so that the general result is good in spite of the admix- 
ture of relatively undesirable individuals. 

An important use of hybrids is based upon the fact 
that they are often more vigorous and rapidly develop- 
ing plants than either of the parents. As a supplement 
to the securing of pure strains by rigid pedigree culture 
these strains are crossed to secure vigor. 

By means of hybrids strains best suited for different 
cultural conditions may be secured according to a well- 
defined method, which eliminates the necessity for a 
chance finding of a desirable race. 

In many cases it is possible to secure disease-resistant 
races of desirable crops by crossing disease-resistant in- 
dividuals with susceptible individuals of desirable 
quality. 



CHAPTER XII 

HOW TO SECURE DROUGHT-RESISTANCE 

Drought is to be regarded as a constant menace to 
cultivated plants, especially to field crops which are 
too extensive to make an artificial water supply prac- 
ticable. For this reason such important crops as wheat 
and maize are limited to regions of good water supply, 
and even in these regions an occasional drought is 
always to be feared. The losses from drought are numer- 
ous, and when this includes our fundamental crops the 
results are disastrous and far-reaching. Attention has 
been called to the fact that our population is increasing 
at a much greater rate than our food production. It is 
obvious that this discrepancy cannot be allowed to con- 
tinue; in fact, the problem of food supply bids fair to 
become acute. 

There are three lines of attack upon this problem 
which, taken together, should enable food production 
to overtake population. Plant-breeding should enable 
us to make plants more productive, to insure produc- 
tiveness every season, and to extend production over 
areas not now under cultivation. Knowledge of the soil 
and its appropriate manipulation should enormously 
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increase yield. Properly equipped men, trained in the 
technique of scientific agriculture so that they can 
secure for plants and soil the most effective relations 
to one another, should bring every region into its great- 
est productiveness. The problem is exceedingly com- 
plex, and no single achievement will solve it, but the 
recent development of plant-breeding has suggested the 
possibility of some important contributions toward its 
solution. Among these suggested possibilities, if plant- 
breeding can secure drought-resistant races of our more 
important crop plants, this would insure such crops 
against drought in regions where they are now culti- 
vated, and would also extend enormously the area of 
possible cultivation. To say that this would at least 
double our present food production is perhaps a state- 
ment far short of the truth. 

The principles of plant-breeding illustrated in the 
preceding chapters suggest the helpful procedure. The 
first thing is to discover whether there are in existence 
any drought-resistant races of the plants under consid- 
eration. Such forms may exist as wild plants in semi- 
arid regions, or they may occur as members of the 
mixed population usual in our cultivated fields. Even 
if complete drought-resistance is not found, a certain 
amount of resistance may be laid hold of and increased. 
The most hopeful search for drought-resistance is among 
the wild representatives of our domesticated races, for 
long cultivation in conditions of less exposure pampers 
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a race of plants just as it does a race of men. For 
example, wheat has been in cultivation for thousands 
of years, and our domesticated races have become very 
susceptible to drought and disease. It has been found 
impracticable to make a pampered race hardy again, 
but it is entirely possible to maintain a hardy race. 
When drought-resistance in any degree is discovered it 
is necessary to learn through breeding whether this 
quality is inheritable and appears in each succeeding 
generation. 

After drought-resistant forms have been found and 
pedigreed for inheritance, it will be necessary to con- 
sider quality. Our cultivated races have been brought 
up to certain standards of quality which must at least 
be maintained. It is altogether probable that the dis- 
covered drought-resistant form, especially if it be a 
wild form, will be inferior in quality. If it cannot be 
brought up to quality its drought-resistance will be of 
no avail, for quality is the first consideration. The 
problem is to combine drought-resistance and quality, 
and there are two ways of securing this. The hardy 
race may be brought up to standard quality by continu- 
ous selection, just as most of the domesticated races 
have been. This is necessarily a slow process, and 
complicated in this case by the fact that selection must 
be made, not only for quality, but also for drought- 
resistance. The other method is to cross the hardy race 
with races of good quality and thus secure the combina- 
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tion in a hybrid. It will be remembered that the de- 
sired combination will not occur in all the progeny, but 
if enough hybrids are produced the desired combination 
will be found. The disadvantage of this method arises 
from the splitting of hybrids, and if drought-resistance 
and quality behave as unit characters only one-half of 
the progeny of the hybrids would continue the desired 
combination. But even this result would be worth 
while, for the average result would be far in advance 
of any now secured by the domesticated races. 

The subject of drought-resistance in connection with 
a crop of first importance has become conspicuous re- 
cently through the discovery of the wild original of 
wheat, which proves to be both drought-resistant and 
disease-resistant. An account of this discovery and its 
possibilities will illustrate not only what may be ac- 
complished with wheat, but also what may be possible 
with other important crops. 

Wheat is a crop of peculiar interest for several rea- 
sons. So far as we know, it was the first plant brought 
under cultivation. If this be true, it was very instru- 
mental in changing the human population from wander- 
ing hunters to a settled agricultural people. To learn 
the region in which this plant was taken from the wild 
state and brought into cultivation, therefore, would be 
an important historical fact. Another interest attached 
to wheat is that it has been perhaps more influential in 
developing the principles of plant-breeding than any 
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other plant. As a consequence of the long-continued 
work with wheat many races have been developed with 
varying qualities, and in connection with this work 
many principles of plant-breeding have been developed. 

The wild original of wheat had been long sought for 
in vain, and the conclusion was reached that it had been 
under cultivation so long that the wild stock had dis- 
appeared. In searching for it the thought was that it 
would be an inconspicuous wild grass that through long 
cultivation had been brought up to its present condi- 
tion. 

Aaronsohn, a botanist of Palestine, had reached sev- 
eral conclusions in reference to wild wheat which are 
interesting because they led to its discovery. Every- 
thing seemed to indicate its origin in arid regions and 
its gradual removal into more humid regions. For 
example, it was known that when varieties from drier 
habitats were transferred to more humid habitats they 
were more vigorous than the varieties grown in humid 
regions. This would indicate that the plant naturally 
belongs to the drier habitats and becomes weakened in 
a humid environment. Conversely, it was found that 
varieties adjusted to humid existence do not succeed 
in drier regions. For example, wheat for our semi- 
arid regions is not obtained from our eastern humid 
races, but Durum wheat (hard wheat) from southern 
Russia, Turkey, and Asia Minor. The problem, there- 
fore, was to find the native country of hard wheat. 
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The historical progress was from drier to more humid 
regions. 

AaroQsohn also concluded that primitive men would 
not select a useless and inconspicuous grass for culti- 



FiQ. e4. — Nearly 




vheat, ordloar; 1 




Pio. 68.— Heaa of a large-HPCdcd vatlation o£ wild wheat.— After Cook. 



FUNDAMENTALS OF PLANT-BREEDING 

vation, but would rather select one because it was al- 
ready useful. It would call for too much insight in 
primitive men to have expected them to recognize the 
possibilities in an apparently useless plant. As Aaron- 
sohn has put it, **It would have taken a wonderful 
power of divination on the part of our prehistoric 
ancestors to pick out one grass and to find out that this 
grass has such possibilities. We have done no such thing 
since with the thousands of other species of grasses." 

Following this idea, Aaronsohn found wild wheat 
growing abundantly in Palestine as a grass fully as 
conspicuous as cultivated wheat. In fact, the heads 
are as large as those of cultivated wheat and the kernels 
are heavier (Figs. 64 and 65). **We must conclude 
that the cereals created civilization, and that civiliza- 
tion did not create the cereals." It is obvious that 
wheat has improved very little under cultivation. It 
is certainly true that the vigor of the plant has dimin- 
ished very much, since it has become very susceptible 
to both drought and disease. Aaronsohn made the an- 
nouncement of this discovery in 1906, the wild plants 
being found originally in the region around Mount 
Hermon. The wheat is a dominant grass over large 
areas, chiefly so rocky and broken as not to be fit for 
agriculture (Fig. 66). The first question to decide was 
whether this wild wheat was not merely an escaped 
form from cultivated fields that had established itself. 
All of the evidences for such a connection proved be- 
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yond peradventure that this was really a wild wheat. 
Since the original discovery it has been found that the 
plant is widely distributed throughout Palestine and 
Syria, extending down the Jordan Valley to the Dead 
Sea. Its distribution shows that it is able to grow 
in a great variety of conditions, since it occurs from 
the top of Mount Hermon, which is often snow-covered, 
to the hot, dry cliffs of the Dead Sea Valley. 

An interesting question is whether this Palestinian 
wheat is actually the original (prototype) from which 
the cultivated races were derived. The nearest ap- 
proach to it in characters, including drought-resistance, 
are probably the wheats called **emmer" and **ein- 
korn." At the present time, however, it is regarded 
as a distinct species and has been named Triticum 
hermonis, from the place of its original discovery. It 
is at least a wild relative of the forms from which the 
domesticated races were derived. Whether it be the 
actual prototype of our domesticated wheats or not 
makes no difference as to its importance. This is merely 
a question of scientific interest. The practical fact is 
that it. is extremely valuable, and that it is related to 
the domesticated races so closely that it can be crossed 
with them. 

Some of the features in which this wild wheat differs 
from the domesticated races may be mentioned. First 
and foremost, because perhaps most desirable, is its 
extreme drought-resistance. This will be appreciated 
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better when it is stated that the conditions under which 
it occurs so abundantly are practically the same agri- 
culturally as those of New Mexico, Arizona, and South- 
ern California, which we recognize as semi-arid regions, 
incapable of use for any of our domesticated races of 
wheat. A second contrasting feature in which it is 
decidedly different from the domesticated races is its 
disease-resistance. Millions of dollars are lost annually 
from diseases that attack our pampered races of wheat, 
notably the rust diseases. The Palestinian wheat seems 
to be for the most part immune to rust, so that it is 
capable of insuring not merely against drought, but also 
against disease. Another important character is that 
it shows a wide range of variation, which means that 
under breeding methods it is capable of yielding many 
strains, suited to a great variety of conditions. 

Perhaps the most notable biological feature of the 
Palestinian wheat in contrast with the domesticated 
races is the fact that it is cross-pollinated. Wheat has 
always been regarded as the chief example of a self- 
pollinating crop. This has made its improvement 
through selection a very simple process, a process which 
would not be possible with maize. Like most wild 
grasses, this wild wheat pushes out its stamens freely 
and the pollen is scattered by the wind (Fig. 67). 
The heads also show a most interesting adjustment to 
arid regions. In relatively moist conditions, as morn- 
ing dew, the glumes spread apart and the scattered 
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pollen reaches the inclosed stigmas, but when the heads 
become dry the glumes close again and the stigmas 
are protected against drying out. This wild wheat also 
matures grains through close-pollination, so that either 
method can be used. It seems likely that the domesti- 
cated races have happened to be derived from close- 
pollinating forms, and so this method has been con- 
tinued as the only one with cultivated forms. The 
importance of this situation lies in the fact that cross- 
pollination gives a much greater range of variation, 
and as a consequence it would be possible to develop a 
much greater number of distinct races; 

The application of this discovery to our own country 
will be that wheat crops may be insured against drought 
in regions where they are now cultivated, and in addi- 
tion they can be cultivated in our semi-arid West and 
Southwest. This will enormously extend the yield of 
this fundamental food crop. In fact, the very peculiar 
method of dissemination of this wild wheat makes it 
altogether probable that it can be used as a self-sown 
forage plant. This seems so obvious that it has been 
suggested that it might become a troublesome weed. 

The development of this drought-resistant race of 
wheat has been deemed so important that an agricul- 
tural experiment station has been established at Haifa, 
with Aaronsohn as director, to develop this race along 
with drought-resistant races of other plants. It has 
long been known that the wild originals of barley, oats, 
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and rye occur in Palestine; so that now Palestine may 
be regarded as '*the cradle of the cereals." Aaronsohn 
has also entered into cooperation with the United States 
Department of Agriculture, so that plant-breeding ex- 
periments with this drought-resistant wheat are going 
on, not only in Palestine, but in various experiment 
stations throughout this country. It is too early yet 
to predict just when the results will be generally avail- 
able, but there can be no question but that this discovery 
has made possible an important advance toward the 
solution of the food problem. 

It should be realized why this wild resistant race is 
not simply pedigreed and multiplied in sufficient quan- 
tity for distribution. Although a vigorous plant with 
large kernels in its native habitat, it cannot be trans- 
planted directly into a great variety of conditions and 
retain all its good qualities. Plants must be accli- 
matized; that is, they must become adjusted to new 
conditions. Races must be multiplied to meet all con- 
ditions of possible cultivation, either by selection or by 
crossing, or by both methods. The cultivated races of 
wheat have also become much diversified in the qualities 
of the grain, qualities that are adapted to various uses. 
The wild race, although vigorous in body and resistant 
to drought and disease, must be combined with qualities 
of grain that satisfy the present demands. The experi- 
ments at Haifa thus far have amply justified the ex- 
pectations of Aaronsohn, for the wild wheat has proved 
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to be very responsive to breeding experiments. Strains 
are being isolated, crosses are being made, and there 
is every reason to expect that this **new blood" injected 
into our races of wheat will revolutionize wheat pro- 
duction. 

Another illustration of the possibilities of securing 
drought-resistant races may be obtained from the recent 
discovery of a drought-resistant race of maize. About 
the time Aaronsohn discovered wild wheat in Palestine, 
Mr. Farnham, a missionary in China, discovered a pe- 
culiar race of maize under cultivation by the Chinese. 
Since maize is known to be a native of the Mexican 
plateau region, Mr. Farnham was interested in tracing 
the time of its entrance into China. Upon consulting 
the Chinese records, he discovered that it had been 
under cultivation many years before the discovery of 
America by Columbus. This raises an interesting his- 
torical question as to the method by which the maize 
of Mexico reached China at that early date. It is ob- 
vious that a very small amount was brought, perhaps a 
single ear or two, because it proves to have been a case 
of unconscious pedigree culture. In this isolated region, 
therefore, this particular strain was pedigreed, and is 
now under somewhat extensive cultivation. 

All those who are familiar with the cultivation of 
maize know that at a certain period in its development 
a **dry spell" is exceedingly dangerous. The reason 
for it is that the **silk," which is to receive the pollen, 
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must be moist in order to be effective. If it is dried out 
or blasted, pollination will fail. If a drought comes, 
therefore, just when the silk is being exposed, complete 
pollination will not occur, and the crop will be more or 
less a failure. This new Chinese maize has such a struc- 
ture that the silk is not exposed until after pollination. 
In fact, the silk elongates through a drift of pollen, so 
that when it is exposed it has already been pollinated. 
The leaves, instead of spreading widely as in the or- 
dinary races of maize, are rather rigidly upright, so that 
a deep pocket is formed between the base of the leaf 
and the stem. When the pollen flies it collects in a 
drift in this pocket, at the bottom of which is the de- 
velopi:ig ear. More remarkable is the late and rapid 
elongation of the silk. Not until after the pollen has 
been scattered does the moist silk develop, of course 
growing through the drift of pollen. In this case, there- 
fore, no dryness of the air can affect pollination. This 
race is under study, but has not been developed as far 
in breeding experiments as has the wheat. 

It is rather remarkable that our two most important 
cereals, one being the basis of our bread supply and 
the other of our meat supply, should be the first to yield 
this result. If the maize should work out as the wheat 
has done, there. will be no failure of maize crops on 
account of drought, and there will be maize fields as well 
as wheat fields throughout our semi-arid regions, pro- 
vided there is moisture enough in the soil, which, of 
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course, can be supplied by irrigation. The increase in 
annual food production when wheat and corn can be in- 
sured against drought and when the area of their 
cultivation can be doubled can hardly be calculated. 



SUMMARY 

The advance in plant-breeding has suggested the pos- 
sibility of drought-resistant races of plants, thus not 
only insuring crops against drought, but also extending 
the area of cultivation of the fundamental crops into 
semi-arid regions. 

The method suggested is first the discovery of 
drought-resistant races as wild plants in semi-arid 
regions, or as members of the mixed population usual 
in cultivated fields. When such races or strains have 
been discovered they must be bred for quality, either 
by continuous selection or by crossing with cultivated 
races of approved quality. 

The discovery of the wild original of the wheat in 
Palestine has brought within the reach of plant-breed- 
ing a hardy, drought-resistant and disease-resistant race 
of vigorous body and large grain, which has just the 
qualities lacking in the ordinary cultivated races. An 
experimental station at Haifa, Palestine, in coopera- 
tion with the United States Department of Agriculture, 
is breeding this wild race for quality and for accli- 
matization, so that drought-resistant and disease-resis- 
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tant races of approved qualities, and suited to the great- 
est variety of cultural conditions, may be obtained. 

The discovery of a wild resistant race of maize in 
China has also made it possible to breed races of maize 
that will insure this important crop against drought, 
and will very much extend the area of its cultivation. 

The work that has begun with these two most funda- 
mental crops can be done for all crops, so that destruc- 
tion by drought, and the unproductiveness of semi-arid 
regions should disappear. 



CHAPTER XIII 

PLANT DISEASES 

In the cultivation of plants it is very important to 
learn to recognize and to control destructive diseases. 
So enormous have been the losses from plant diseases 
that a very conspicuous part of the work of the United 
States Department of Agriculture has been to investi- 
gate them, in the effort to discover their causes and to 
suggest remedies. Since this is also an essential part 
of the work of every State Experiment Station, the 
literature dealing with plant pathology has become 
very extensive. There are at present certain limita- 
tions of plant pathology, however, which should be un- 
derstood. 

The general definition of a plant disease should in- 
clude any interference with the normal activities of a 
plant, but this would include a far greater variety of 
causes than are considered as yet in plant pathology. 
Such a definition would include parasitic fungi, animal 
attacks (especially insects), mechanical injuries, unfa- 
vorable climatic conditions, unfavorable soil conditions; 
in fact, anything that affects unfavorably the tone and 
vigor of the plant. In practice plant pathology has 
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been restricted almost entirely to a study of diseases 
induced by parasitic fungi, but its future development 
will include a wider range of diseases. 

Still another restriction is inevitable. All plants 
have their diseases, but our economic interests have 
compelled attention chiefly to those diseases that at- 
tack cultivated plants; just as animal pathology is 
concerned chiefly with the diseases of domesticated 
animals and man. The problem of diseased conditions 
in plants in general is one of great scientific interest, 
but the diseases of cultivated plants have as yet fur- 
nished such important practical problems that the wider 
field has not been cultivated. In practice, therefore, 
plant pathology is in general restricted to the study of 
the diseases of cultivated t)lants induced by parasitic 
fungi. 

It i& very common to confuse the disease with its 
cause, and this has led, not only to much misunder- 
standing, but has also diverted plant pathology from its 
real subject. It is important that a disease and its 
cause be kept distinct. For example, a very common 
disease of wheat is called ''wheat rust,'' but the rust 
is an attacking fungus which causes a disease ; it is the 
wheat plant which has the disease. The bulk of patho- 
logical literature dealing with plant diseases is an ac- 
count of the life histories of the parasites that cause 
disease. This is very essential, but it is merely pre- 
liminary to a study of the disease itself, a fact which 
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has long been recognized in the study of human dis- 
eases. 

The disease is the unfavorable reaction of the at- 
tacked plant (host) to the presence of the parasite. 
This reaction is a physiological one, which may or may 
not express itself in abnormal structures. Plant pathol- 
ogists are recognizing this, and have begun to study 
these physiological reactions which represent the patho- 
logical condition of the host. In other words, plant 
pathologists are beginning to study the *' patient" as 
well as the causal organism. It would seem like strange 
human pathology to study only the bacillus of typhoid 
fever, and not to study the pathological condition of 
the typhoid patient. The study of abnormal physiology 
requires a knowledge of normal physiology, and this 
has only recently reached such a stage among plants as 
to make the study of abnormal physiology effective. 

At present we know comparatively little of the patho- 
logical responses of the host plant to an attacking para- 
site. The most we have done is to note whether the 
pathological condition expresses itself in abnormal 
structures or behavior. We note the cause and the re- 
sult, but how the cause produces the result is the im- 
portant problem. It is clear that all plant therapeutics 
will remain empirical until we know something of the 
physiological reactions that occur between the cause 
and the result. 

It is the usual custom to give an account of plant 
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diseases by presenting a list of the fungi that induce 
them. In other words, such an account gives no classi- 
fication of diseases, but simply of disease-producing 
fungi. As a matter of fact, similar diseases are induced 
by a great variety of fungi, diseases presenting the same 
symptoms and the same results. An occasional custom 
is to give an account of plant diseases by presenting a 
list of the plants attacked (hosts). This has the ad- 
vantage of making a disease more easily recognized, 
for most persons know the patient, while it requires ex- 
pert knowledge to recognize the attacking parasite. 
However, many plants have similar diseases, and in 
such an account the same symptoms are given with 
monotonous repetition. The real basis of presentation 
is a classification of the diseases themselves, based upon 
the nature of the disease, induced by whatever groups 
of fungi, and occurring on whatever hosts. Such a 
classification may be made, based upon the relations of 
parasite and host, and it results in placing most dis- 
eases in three categories, each category having its 
recognizable symptoms. Before describing these cate- 
gories, however, a brief account of the parasites induc- 
ing diseases will be helpful. 

Conspicuous among disease-producing organisms are 
bacteria. They are the most minute, and therefore 
the most subtle, of parasites in their attacks. They 
may reach their hosts in a great variety of ways, such 
as lodging in wounds, carried by insects, spread by rain, 
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entering from the soil, etc. In perennial hosts in many 
cases the disease-producing bacteria live from year to 
year, being what are called perennating forms. Bac- 
terial diseases are the most diflScult to determine, simply 
because the causal organism is so illusive. It has often 
taken many years to determine that a given disease is 
bacterial in origin, as in the case of pear blight and 
crown gall. It should be realized that bacteria as a 
rule cannot be identified by sight, but they must be 
recognized by their behavior; hence it is not merely a 
question of examining them under the microscope, but 
of ''cultures,'' and these cultures teU of their appear- 
ance and behavior in masses. 

If a parasitic organism has been isolated in cultures 
from a diseased plant, and suspected of being the cause 
of the disease, this suspicion must be tested. This is 
done by inoculating healthy plants with the cultures, 
and if the disease appears as a result the causal organ- 
ism has been demonstrated. Often causal organisms 
that appear alike and behave alike in cultures prove to 
be unlike in their relations to hosts. For example, the 
causal organisms inducing ''wilt" of cotton, cowpea, 
and watermelon, when isolated in cultures, seem to be 
exactly the same organism in all three cases, but when 
"cross inoculations" were tried, as, for example, in- 
oculation of watermelon with the organism obtained 
from diseased cotton plants, the disease did not develop 
in the watermelon, and so for all the cross inoculations. 
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This means that very often differences between attack- 
ing parasites cannot be detected except by the fact that 
they attack different hosts. In other words, there is 
some specific relation between host and parasite. Such 




species of parasites are called "physiological species" in 
contrast with "morphological species," which can he 
distinguished by their appearance. When a causal 
organism is isolated and tested, therefore, it is very 
customary to try inoculation of related hosts to dis- 
cover how far the parasite is restricted in its at- 
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The "true fungi," as distinct from bacteria, iuclude 
the great majority of the parasites inducing diseases 
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ample, the weaving may be so loose that the body is as 
delicate as a spider web, or it may be so close that the 
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body becomes very eompaet. This filamentous body is 
called a myceUum (Fig. 68). The mycelium must be 
related to its food supply, and therefore the mycelium 
of a parasite either spreads over the surface of its host, 
or burrows among the tissues within the body of the 
host; that is, there are external and internal parasites. 




For example, when a ' ' powdery mildew ' ' attacks a lilac 
bush its myeelium spreads over the surface of the 
leaves (Fig. 69) ; but when a "downy mildew" attacks 
a grape vine it burrows among the working cells in the 
interior of the leaves (Fig. 70). The mycelium also 
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sends out sucking appendages that penetrate the cells 
of the host and absorb the nutrition (Fig. 70) ; and it 
also sends up branches that bear spores which produce 
mycelia on other plants (Figs. 71 and 72). In the case 
of internal parasites the spore-bearing branches must 




Fig. 72. — Spore-bearing branch of a superficial mildew with its row 

of spores. — After Tdlasne. 



reach the surface of the host, so that the spores may 
be in a position to be scattered (Fig. 71). Often the 
only superficial indication of an internal parasite is a 
coming to the surface of the spore-bearing branches. 
For example, the wheat rust which appears on the 
stems and leaves of the wheat plant as reddish dots and 
streaks, is the mass of spores sent to the surface from 
the deep-seated and wide-ranging mycelium (Fig. 73). 
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Another feature of many true fungi that often makes 
their study extremely difficult is the fact that they pass 
through seveial phases during their life history. For 




FiO, 77. — A spot (ilBeaBc of apple leaf. — After SoraUbeb. 

example, the mycelium of the wheat rust lives on wheat 
plants and produces two kinds of spores. One of these 
kinds produces rayeelia on other wheat plants, and thus 
spreads the disease (Pig. 73). The other kind of spore, 
which appears late in the season {Fig. 74), lasts through 
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the winter, and in the early spring produces a small 
mycelium which is not a parasite, but produces spores 
(Fig. 75). These spores reach the young leaves of 
some host other than wheat, as, for example, the bar- 
berry, and develop a mycelium on the barberry leaves 




Pia. 78. — A spot disease of maple leaf.— After Sobaubkh. 



(Fig. 76). This mycelium produces spores, and these 
spores infect the wheat plant. In this life history. 
therefore, two different kinds of hosts are involved and 
several kinds of spores. In very many eases the my- 
celium and its spores on a given host are well known, 
but to what mycelium upon some other host they may 
be related in a life cycle is unknown. 
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As stated above, plant diseases may be referred to 
three categories, based upon the relations of parasite 
and host, and each category has its own symptoms. 
These categories may be indicated as follows: 




Fia. 79. — A spot disease of cnrrant leaf. 



(1) Parasites immediately destructive. — The struc- 
ture destroyed by such parasites is the living proto- 
plast, and therefore there may be destruction of proto- 
plasts that does not result in the destruction of the 
host as an individual. The destruction of the host de- 
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pends upon the iminbcr and tind of protoplasts de- 
stroyed. For example, when a parasite attacks a leaf 
and destroys a fpw protoplasts here and there, resulting 
in a "spotted" leaf, the plant as a whole survives 
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FiQ. 81. — Grai)f li^al sbowEng patcbi.'e of donny mDdew. 



(F^. 77-80). But if there is a more extensive de- 

struetioQ of protoplasts, so that the activities of the 

plant are interfered with seriously, it may be weakened 
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at first, and finally killed. The economic loss does not 
depend upon the fact whether the host plant is killed 
or not, but upon the effect of the parasite upon the 
part of the plant that is used. For example, grape 
mildew may not affect grape vines seriously, but in ad- 
dition to spotting the leaves (Fig. 81), it spots the 
young grapes, and this results in an economic loss. 

The protoplasts are killed as soon as the cells are 
invaded, or they may be killed before invasion by the 
action of excreted enzymes. The parasite kills the cells, 
and then lives on the soluble food substances that dif- 
fuse through the dead and dying protoplasts. Such 
parasites, therefore, live as saprophytes; that is, they 
do not feed upon living material, but upon material 
that has been killed, or that is no longer connected with 
the life processes. This means that such parasites can 
be cultivated artificially; that is, apart from the host, 
all that is necessary being to supply nutritive solutions. 
When cultures of a true fungus parasite are possible, 
therefore, it belongs to this category. 

Furthermore, since the invaded cells are killed, the 
host cannot react by abnormal growth, resulting in 
what is called a hypertrophy. There may be a growth 
reaction such as follows any wound, a reaction that 
heals the wound and usually leaves a scar; but this 
wound reaction is not a specific reaction of the host to 
the parasite; it is simply a reaction that follows any 
wound. 
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(2) Parasites not immediately destructive. — This 
means that the parasite and the protoplast live together 
in intimate association for a time, without any appa- 
rent injurious effect, certainly without fatal effect, on 
the host cells. This living together of two organisms is 
called symbiosis, and this relationship of parasite to 
protoplast is therefore a symbiotic relationship. The 
period of this peaceful symbiosis is brought to an end 
when the fungus begins to form spores. Probably the 
real fact is that the protoplast is gradually weakening, 
and that when it is approaching destruction spore- 
formation occurs. 

It follows that such parasites cannot be cultivated 
artificially; that is, apart from the host. They are real 
obligate parasites, of which rusts and smuts are con- 
spicuous examples. No one has been able to produce 
artificial cultures of the spores of rusts or smuts beyond 
the very earliest stages of germination. The reason for 
this necessary association of host and parasite is prob- 
ably due to the fact that the parasite is dependent upon 
what are called the intermediate products of metabol- 
ism; that is, products that appear in life processes of 
the protoplasts, but which do not occur outside of liv- 
ing cells. In other words, we cannot reproduce them 
in artificial nutrient solutions, and therefore such para- 
sites cannot be cultivated artificially. 

Since the host cells are not killed, but remain active 
through a long period, they are capable of growth, and 
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the presence of the parasite frequently results in what 
is called a growth stimulus, to which the host plant 
responds in a variety of ways. Sometimes there is no 




Fio. 82.— Crown gall on dalflj.— After Erwin Smith. 



apparent response in growth, as in many rusts, smnts, 
and mildews. In other eases there is simply a great 
enlargement of the affected cells, resulting in growths 
that resemble little blisters. The conspicuous responses 
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to the growth stimulus, however, are eases in which it 
results in distinct hypertrophies, which are abnormal 
growths, such as galls (Pig. 82), cedar apples (Fig, 




83), witches* brooms, etc. Nothing is known as to the 
cause of this growth response further than that it is 
due to the presence of the mycelium. Therefore, ac- 
counts are limited to descriptions of the forms of the 
hypertrophies and of the tissue elements that enter into 
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them. This is another case in which the cause and the 
effect are known; that is, the parasite on the one hand, 
and the hypertrophy on the other, but there is no 
knowledge of the factors and the processes that lie 
between. 

(3) Xylem invasion. — The parasites that invade the 
wood tissue (xylem) are not true parasites, as they do 
not attack living cells, either by destroying protoplasts 
or by living in symbiotic relations with them. They 
simply find in the water (sap) being conducted by the 
xylem a suitable nutrient solution. It follows that they 
are not dependent upon the host, but they find in the 
host a most available source of food supply. Evidently 
such parasites, not being destructive of living cells, are 
not immediately destructive of the host, but there is 
eventually a wholesale destruction of the host by cut- 
ting off its water supply. It is as though the water- 
pipe system of a house had become choked up. The very 
numerous so-called ''wilt diseases" among plants are 
largely due to this kind of relation between the so-called 
parasite and the host. The disease in this case is hardly 
a pathological response on the part of the host. It is 
really a disease in the sense that drowning or hanging 
are diseases. 

The three categories of plant diseases have been put 
together compactly in order that they might be con- 
trasted sharply. These categories will become more 
concrete by giving a few illustrations under each one. 
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Among the common diseases that are induced by 
parasites which are immediately destructive is the pear 
blight, a bacterial disease. In this case the nectaries 




of the flowers are infected by visiting insects. The 
bacteria spread from the nectaries to all living tissue. 
The protoplasts are destroyed and the branch tips 
begin to wilt, and then blacken. As a result of this 
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appearance of the infected branch the disease is often 
called "fire blight," meaning that the branch tips 
appear as though scorched. 




— Potato disease ("potato 



, — After DDGiiAB. 



The various leaf -spot diseases (Figs. 77-80) are also 

illustrations of such parasites, the protoplasts of the 

leaves being kQled in groups, resulting in brown or 

black spots. As these spots multiply, naturally the 
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important work of the leaf is interfered with, so that 
the plant becomes a less efficient machine. 

Among other diseases of the same sort may be men- 
tioned the potato rot (Figs. 84 and 85) ; the bitter rot 
of apples (Fig. 86), which is a fruit attack; the powdery 
mildew of the grape; cankers of various kinds, which 




are open wounds found in tree plantations and or- 
chards (Fig. 87). 

In all such cases the universal symptom is more or 
less killed tissue, giving a blasted or spotted appear- 
ance, and, of course, the entire absence of any hyper- 
trophies. Such diseases are induced by a great variety 
of parasites upon a vast number of hosts, hut the s}Tnp- 
toms and the practical treatments are the same. 

Among those parasites that live symbiotically with 

the host protoplasts are those that induce such diseases 
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as peach-leaf curl; black knot of plum and cherry (Fig, 
88); crown gall (Pig. 82); and various root diseases 
resulting in distorted roots. The crown gall is a very 
interesting disease which has recently heen studied. 
The hypertrophy is a lai^e tumor-like swelling frequent 




ipple twtgs. — After Burbill. 



on trees, which occurs just where stem and root join. 
This ahnormal growth is found to be due to the pres- 
ence of bacteria, and the spread of the trouble through 
the tree shows certain resemblances to the behavior of 
human cancer, for which as yet no causal organism has 
heen found. 

There are some very interesting facts connected with 
hypertrophies that may he mentioned. In the first 
place, when a hypertrophy develops, a certain tissue re- 
sponds to a given parasite. In other words, there is 
some specific relation between the parasite and the 
tissue. In the second place, the tissues produced by 
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the hypertrophy are just such as the specific tissue is in 
the habit o£ making, but of course they are produced 
excessively. It follows that when the cambium of a 
tree is the specific tissue responding to the growth stim- 



FiQ. 6S. — Black knot : 







Tant. — Alter MiIbseb. 



ulus of a parasite the hypertrophy, as the crown gall 
or the cedar apple, is very complex anatomically, since 
the cambium makes more kinds of tissue than any other 
growing cells. In the third place, it is evident that the 
uninvaded cells are the ones that respond, for they are 
the only ones in a condition to respond to the growth 
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stimulus. Therefore, whatever this stimulus may be, 
it is transmitted from the infected cells to those that 
respond. 
Illustrations of the diseases resulting from xylem in- 




LDd Spauldinq. 
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vasion are the numerous "wilts" already meutioned. 
The best studied of the wilts are those of the cotton, 
cowpea, and watermelon, which are of very great eco- 
nomic importance throughout the southern states. No- 




— A bracket fungus growing 



table illustrations are the wilts that occur in many 
forest trees, resulting from the mycelium of mush- 
rooms, whose spore- bearing branches appear on the 
trunks of trees as brackets (Pigs. 89 and 90), toad- 
stool forms, etc. These are great timber destroyers. 
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This statement needs explanation, for diseases result- 
ing from xylem invasion have been defined as those in 
which the parasite does not invade living cells, either 
to destroy the protoplasts or to live symbiotically with 
them, but simply plugs up the xylem and chokes the 
** water pipes.'' The xylem (wood), however, is com- 
posed of dead cells which are conducting water, and the 
mass of xylem constitutes the timber. Interfering with 
the water supply, and thus weakening or killing the 
tree, would not injure the timber, but in the life proc- 
esses of the fungi living in the water, stream substances 
are given off (excreted) which ''corrode'' the walls of 
the xylem cells in such a way that the wood becomes 
brittle or corky and entirely unfit for lumber. 

Until recently the treatment of plant diseases 
consisted chiefly in trying to control them by means 
of fungicides. When the sources of infection were 
discovered, and were found to be reached by fungi- 
cides, control became very complete in many cases. 
Further statement in reference to the use of fungicides 
will he made in the next chapter. 

Another method of treating plant diseases is by 
plant surgery, which means the removal of infection. 
Like all surgery, this has to guard against further in- 
fection, and much of it is done thoughtlessly or need- 
lessly. It is particularly used in connection with shade 
trees. In tree surgery one must be sure of three things : 
(1) whether an infection exists in the part proposed 
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to be removed; (2) if so, whether it will do any good 
to remove it; and (3) if so, whether it can be removed. 
Much surgery is undertaken without any recognition 
of these conditions. Two illustrations will help to make 
the situation clear. In pear blight the destructive bac- 
teria winter in the twigs, which gradually blacken as 
if scorched. In this case the infected part is obvious 
and it can be removed successfully. In crown gall 
(Fig. 82) an unsightly tumor-like growth develops near 
the base of a tree, but from it there extend into other 
regions ** infecting strands'' that result in new galls, 
thus spreading the trouble. In this case the infection 
(bacteria) exists in the gall; the gall can be removed; 
but it will do no good to remove it on account of the 
infecting strands which cannot be removed. Of course, 
*'tree surgeons'' operate upon crown galls that are 
common upon street trees, but they have no conception 
of the real situation. The simplest and most effective 
surgery is in caring for the wounds of trees that arise 
from broken branches or from pruning. It consists 
simply in securing a fresh surface for the wound, thus 
permitting the development of wound cork, and then 
covering the surface with something that is impervious 
to wound-invading fungi. 

The final resort in the control of disease is the culti- 
vation of resistant races. When nothing else avails, 
resistant races must be resorted to. This will probably 
be finally the ultimate remedy for all plant diseases; 
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but those that can be controlled can afford to wait. 
"Work upon resistant races, therefore, as yet has dealt 
chiefly with diseases that arise from soil infections. 
This important subject of the cultivation of disease- 
resistant races will be discussed in the next chapter. 



SX7MMABY 

Plant diseases as ordinarily studied are due to an 
invasion of parasitic fungi, either bacteria or the true 
filamentous fungi. The invaded plant (host) reacts to 
the presence of the parasite, and this reaction, when it 
is unfavorable to the host, constitutes the disease. 

* 

Plant diseases may be referred to three categories, 
dependent upon the relation between parasite and host, 
each category having its own symptoms by which it 
may be recognized. 

One category includes those diseases in which the 
parasite immediately destroys a protoplast and lives 
upon its dead or dying body. The destructiveness of 
such a parasite depends upon the number and nature 
of the protoplasts destroyed. Such diseases may be 
recognized by killed tissue (spotted leaves, blighted 
twigs, etc.) ; by the fact that the causal organism can 
be cultivated artificially; and also by the fact that no 
hypertrophies (abnormal growths), are produced. 

A second category includes those diseases in which 
the parasite enters into symbiotic relations with the 
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protoplast, not destroying it, but living upon its prod- 
ucts. Such diseases may be recognized by the absence 
of killed tissue; by the fact that the causal organism 
cannot be cultivated artificially ; and chiefly by the fact 
that hypertrophies usually appear in the form of con- 
torted growths and galls of various kinds. 

The third category includes those diseases in which 
the parasite does not invade living cells, but invades the 
xylem (the water conducting system) and cuts off the 
water supply, resulting in wilting. 

In controlling these diseases exact knowledge of the 
sources of the infection is absolutely necessary. Infec- 
tion may come from transported spores, soil infections, 
wound infections, perennating mycelia, etc. Super- 
ficial infections, as lodged spores, may be treated with 
fungicides, but soil infections and mycelial invasion 
cannot be controlled in this way. 

The most difficult diseases to control are those arising 
from soil infections. The only known method is to 
stop planting the infected area with the susceptible 
crop and plant some other crop until the infecting or- 
ganism has disappeared or has become relatively inac- 
tive. 

The final resort in the control of diseases is to secure 
disease-resistant races of plants, which has been done 
in several cases of soil infections. 



CHAPTER XIV 

HOW TO SECUEE DISEASE-RESISTANCE 

That plants, as well as animals, are subject to de- 
structive diseases was made evident in the preceding 
chapter. The annual destruction of crops from this 
cause is enormous. The work of the United States 
Department of Agriculture in maintaining a group of 
experts to investigate the causes of various diseases and 
to develop remedies has been mentioned. The results 
have been very important. The parasites inducing 
many diseases have been discovered, their life histories 
have been studied, and methods of control have been 
devised. 

The advance in the method of combating plant dis- 
eases has run parallel with that of combating human 
diseases. The first search was for remedies to check 
or cure the disease after it had appeared, a method 
which must always be in vogue. The advance consists 
in the attempt to prevent disease, the idea being the 
same as that underlying what is called ** preventive 
medicine." It so happens that this can be carried 
further with plants than with human beings, for dis- 
eased plants can be destroyed, while diseased human 
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beings must be saved if possible. It is evident, there- 
fore, that such susceptibility to plant diseases as is 
inheritable comes within the scope of plant-breeding 
to eliminate ; and that if immunity to disease is inheri- 
table, plant-breeding can substitute immune races for 
susceptible ones. Among human beings the susceptible 
ones must not be destroyed, although they generally 
disappeared until the recent wonderful advance of med- 
icine. As a consequence of this advance, the human 
situation has become much more complex and difficult, 
for susceptible individuals are kept alive and associate 
with immune individuals. In dealing with plants, how- 
ever, there is no reason for saving susceptible individ- 
uals if immune ones can be substituted for them. 

It will be well to understand something of the treat- 
ment of plant diseases, so that the place of plant-breed- 
ing may be evident. Before there was any scientific 
study of plant diseases, experience, under the pressure 
of necessity, had developed many treatments. Some of 
these empirical treatments have been proved to have a 
scientific basis, while some of them have been proved to 
be little more than superstitions. An interesting illus- 
tration of the chance discovery of a valuable fungicide 
is that of the Bordeaux mixture, probably the most 
used and most useful of all the fungicides. When the 
American grape vines were introduced into Europe in 
the hope of getting rid of the destructive phylloxera 
by grafting the wine grape upon the resistant native 
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^rape stock of America, the result was the introduction 
of a still more destructive disease, the grape mildew. 
In consequence, for several years the grape crops of 
France and Italy were failures, and every method of 
treatment was tried. In southern France it had long 
been the habit to sprinkle several rows of vines next to 
the highways with a copper sulphate mixture, so as to 
give to those passing the impression that the grapes 
were poisoned. During the ravages of the grape mil- 
dew it was discovered that the vines in these treated 
rows were free from the disease. As a result of this ob- 
servation Bordeaux mixture, a mixture of copper sul- 
phate and lime, was developed, and proved to be a 
specific in controlling the disease. 

There is no intelligent control of disease possible 
until there is exact knowledge of the sources of infec- 
tion. These sources are extremely various. For ex- 
ample, the infection may be due to spores, and the spore- 
carriers are wind, insects, raindrops, seeds, or a number 
of other agencies ; and the spores in turn aflfect various ' 
organs as well as organs of various ages. Then there 
are wound-infections, the parasite entering through 
wounds made in a great variety of ways, either nat- 
urally or artificially. There are also infections arising 
from parasites, especially bacteria, that continue to live 
season after season in the perennial host. Finally, 
there are soil-infections, which are peculiarly baffling. 

The most common method of controlling a plant dis- 
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ease is to apply a fungicide in such a way as to prevent 
infection. It is obvious that this is effective only in 
cases where spores lodge for germination or where the 
parasite is an external one, and that it is of no effect 
if the infection is from the soil or from a parasite living 
from season to season within the host. When it is dis- 
covered that a fungicide is appropriate, the next thing 
is to know when to apply it. For example, if infection 
is from spores lodging upon bud scales in a position to 
attack the unfolding leaves, the fungicide must be ap- 
plied to the buds before they open. If infections are 
produced by successive crops of spores during the 
season, the fungicide must be applied at intervals 
throughout the season. Each case has its own period or 
periods of treatment. 

In cases of soil-infection it is now found that fungi- 
cides are not available. This will become obvious when 
the necessary life of the soil is remembered. It is now 
well known that the soil is teeming with a population 
of organisms that are necessary to keep it in condition 
for plants. Any fungicide applied to the soil is in 
danger of destroying this population. The application 
of a fungicide to the soil, therefore, in order ,to kill a 
specific parasite that is harboring in the soil, would be 
much like annihilating the whole population of a city 
in order to destroy a single criminal. The only known 
method of control in the case of soil infection is to stop 
planting the susceptible crop upon the infected area, 
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and to plant some other crop. This rotation has been 
found to be beneficial in eliminating or weakening in- 
fection. Just how this is accomplished is not clear, but 
the results are apparent. In the case of wilt diseases 
that attack cotton, cowpea, and watermelon, for ex- 
ample, all of which involve soil infections, definite rota- 
tions have been worked out that hold the trouble in 
check. The period during which a susceptible crop 
should not be planted in an infected soil varies, of 
course, with the causal organism. Some of these or- 
ganisms seem to be able to persist indefinitely, even in 
the absence of a susceptible host; in which case any- 
practicable rotation must involve some injury to the 
organism by the cultivation of immune crops. In any 
event, although infected soil cannot always be disin- 
fected by rotation, the disease can be materially checked. 
The above very brief statement in reference to the 
control of plant diseases indicates that it is a very 
laborious and often more or less doubtful process. There 
are certain simple infections 'for which appropriate 
fungicides are easily applied and are specifics, but in 
far the larger number of cases the treatment is indefi- 
nite except in the hands of a specialist. It is clear that 
the final resort in reference to plant diseases will be the 
breeding of resistant races, and it is becoming obvious 
that this is possible with all cultivated plants. Work 
upon resistant races thus far has been restricted largely 
to diseases that arise from soil infections, for diseases 
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that can be controlled by fungicides can afford to wait. 
The whole subject of immunity is a very interesting 
one, and its cause is yet largely a matter of theory. It 
is well known that certain varieties of plants are less 
subject to attack by certain diseases than their relatives. 
In fact, relatively resistant varieties are well known 
among all our crop plants. It is clear, however, that 
.predisposition to attack does not necessarily depend 
upon an enfeebled condition of the plant, for plants in 
as good normal health as their resistant relatives are 
attacked. It is also true that susceptible plants are 
often subject to attack only during certain stages of 
their development. Young parts are especially subject 
to attack, and later may become completely resistant. 
In none of these cases does infection depend upon any 
injury to the health of the plant, although this is a very 
common opinion. And yet there is evidence that im- 
munity may hold some relation to vigor. For example, 
certain disease-resistant races of cotton, referred to 
later, proved to be less resistant when transferred to 
other regions; and also less resistant in certain seasons. 
The only difference observable in both of these cases 
was a lack of vigor in the plants. The new areas were 
not favorable for vigorous growth, and certain seasons 
were ''poorer seasons" than others. Moreover, in the 
development of disease-resistant races of potato it has 
been found that immunity may gradually disappear in 
succeeding generations. 
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In view of such facts, if one considers the numerous 
differences among plants that would affect the entrance 
and food of parasites, the list would be something as 
follows : 

Plants differ widely as to the ease with which their 
superficial structures can be penetrated by a fungus. 
A relatively impenetrable tissue, therefore, might often 
make a plant resistant to a certain disease, and there 
is no more common difference among plants than a 
difference in superficial tissue. 

Plants also differ widely as to the substances they 
produce in their metabolism. In this case it is evident 
that certain plants may not produce the specific sub- 
stances that a given parasite needs. This is borne out 
by the well-known fact that different parasites are 
usually restricted to particular plants. For example, 
certain fungi are restricted to members of the mustard 
family, and apparently this can be explained only by 
the fact that in the metabolism of this family the ap- 
propriate food substances are produced, substances not 
produced by other families. More frequently, a par- 
ticular parasite is restricted to a single kind of plant, 
and parasites have distinguished varieties of plants be- 
fore botanists have recognized any distinction. This 
must mean that the products of the metabolism of 
plants are extremely variable. It is also true that 
among the substances produced by plants there may 
be those which are specific poisons for a given fungus, 
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and in this way resistance to this fungus would be se- 
cured. There are also a few cases known in which the 
invading fungus is overstimulated by some substance 
produced by the host, and destroys protoplasts with 
which it should enter into symbiosis, thus destroying its 
food supply. 

In considering these various situations, it is evident 
that immunity may be due to a variety of factors or 
combinations of factors. A fungus may not be able 
to enter the host on account of impervious superficial 
structures; it may be able to enter the host, but may 
not find its appropriate food ; its appropriate food may 
be present, but there may also be a toxin that destroys 
the fungus; or some substance may stimulate the fun- 
gus into such activity that it destroys its source of food. 
It is also obvious that these conditions of structure and 
metabolism may vary, not only in different plants, but 
also in different ages of the same plant, and in different 
organs of a plant. It would follow also that a plant 
ordinarily resistant to a disease might not remain so if 
any conditions of growth were unfavorable to the devel- 
opment of resistant structures or products. In other 
words, there is opportunity here for the greatest varia- 
tion of plants in immunity, and also for variations in 
the same kind of plant growing in different localities and 
in different seasons. 

In summarizing the above statements, it is apparent 
that resistance involves the structure and the metabo- 
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lism of the host plant, just such features as may be 
expected to be inherited, for they constitute the essen- 
tial differences among plants. It follows, therefore, 
that plant-breeding can be turned to account in select- 
ing and developing races of plants resistant to the vari- 
ous destructive diseases. 

The selection of disease-resistant strains is not so diffi- 
cult as it might seem to be at first. For example, when 
an unusually destructive disease was ravaging the cot- 
ton fields of the Southern States, the Department of 
Agriculture sent some of its pathologists to investigate. 
In the ravaged fields they discovered certain plants 
that were as vigorous as if no disease had been raging. 
In other words, they were for some reason immune to 
this disease. Such a fact is familiar to human experi- 
ence. In previous times, when plagues occurred, they 
never destroyed a whole population, but there were 
always left a large number of immune individuals. If 
this were not true, the human race would have been 
destroyed long before this. One of the reasons why 
the Chinese race is so resistant to many diseases is 
that through thousands of years there has been going 
on an unconscious pedigree culture for immunity. The 
condition of medicine was such that susceptible indi- 
viduals disappeared, and as a result there has developed 
a remarkably resistant race. In the case of the rav- 
aged cotton fields the immune individuals suggested 
the idea of pedigreeing them to discover whether 
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this immunity is inheritable. This proved to be the 
ease, and so resistant races of cotton have been de- 
veloped. 

This finding of immune individuals and pedigreeing 
them is possible whenever a disease is ravaging a crop. 
In the case of the wild wheat of Palestine, already re- 
ferred to as drought-resistant, it was discovered that it 
was also resistant to wheat rust. Long cultivation of 
the wheat, therefore, has resulted in so changing its 
tissues or metabolism or both, that it has lost its resist- 
ance to rust. This suggests that a race of plants im- 
mune in one locality may not be immune in a very 
different locality, for plants often respond remarkably 
to changed environment, and one of the responses may 
be loss of resistance. It is even true that a strain 
usually resistant in a given locality may not be resist- 
ant during an unusual season in that same locality, 
a season which has resulted in some change in the 
structure of the plant. 

The eventual stamping out of our most destructive 
diseases by suitable plant-breeding may be looked for- 
ward to with confidence. The selection and pedigreeing 
of immune individuals will secure the result, not once 
for all time or for all localities, but the variations are 
so numerous that resistant plants will be available at 
all times and for all localities. Whenever disease ap- 
pears, and especially if it is virulent, immune individuals 
can be detected and pedigreed. 
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8X7MMABY 

The control of disease by fungicides or any other 
method of treatment is laborious and usually very un- 
certain; and, in many cases, as in most soil infections, 
it is impossible. To kill a fungus after it has attacked 
a plant is merely to check the disease, and not to elimi- 
nate it. 

The final elimination of diseases will be attained when 
disease-resistant races of all plants are obtained. This 
is possible by the selection of plants found to be im- 
mune in the presence of- a disease that is destroying 
other plants, and pedigreeing them for an immune 
race. 

The first attempt to secure disease-resistant races is 
in connection with the most uncontrollable diseases, 
such as those from certain soil infections. Diseases 
which have been brought under good control by the use 
of fungicides can be allowed to wait. 

Immunity depends upon a structure that forbids the 
entrance of a parasite, or upon a metabolism that does 
not furnish the appropriate food or that may include 
a toxin for the fungus. These structures and products 
vary with the condition of a plant, so that an immune 
race may not always remain immune in different locali- 
ties, or in different seasons. 

There will always be an opportunity to pedigree for 
immune races whenever and wherever a disease ap- 
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pears; and this continuous application of pedigree cul- 
ture for immunity should ultimately result in the elimi- 
nation of any disease anywhere. At least it may result 
in the periodic elimination of diseases. 



CHAPTER XV 

FOEESTEY 

Forestry has become so extensive and varied a sub- 
ject that it is not easy to define. When public attention 
in this country was first directed to it, it awakened 
what may be called a sentimental response. Trees and 
forests appealed to many as features of the earth's sur- 
face that ought to be preserved, much as notable works 
of art should be preserved. The ruthless destruction 
produced by the pioneer backwoodsman and by the 
lumber camps came to be regarded as nothing short 
of vandalism. There is enough in this sentiment to 
justify solicitude for the preservation of forests, just 
as national and state parks are set aside to preserve a 
natural topography. But the practical aspects of for- 
estry began to appear so conspicuous that soon it 
became an economic subject of the first importance. 
It is not so much a science as an art, but it is the 
practical application of several sciences, chief among 
which is botany. 

In its broadest sense, forestry means the care of for- 
ests, but this includes many things to care for, and 
many things in view. It does not mean a kind of 
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preservation which amounts to miserly hoarding; it 
means use as well as preservation, in fact, the freest 
possible use consistent with preservation. It does not 
mean merely the care of forests already existing, but 
also the replacing of destroyed forests, and the devel- 
opment of forests on areas where none exist naturally. 
The two chief purposes of this care are to maintain 
forests as the source of products necessary to human 
welfare, and as a check to floods that carry off soil. The 
latter purpose explains the numerous forest reserva- 
tions upon important watersheds. In other words, a 
forest represents an enormously important crop, which 
must continue to be produced, and also a very impor- 
tant barrier to soil destruction. Connected with the use 
of a forest in such a way that it will continue to be 
useful, is the whole subject of the effective handling 
of the crop for its varied uses. It is evident that for- 
estry has become a very complex subject, based upon 
scientific knowledge, and extending into a great plexus 
of practical operations. 

The general scientific background of forestry is the 
natural development of a forest, which may be out- 
lined in a general way as follows. Plants are not scat- 
tered at random over the surface of the earth, but are 
organized into definite associations, determined by the 
conditions for plant growth. It is recognized, for ex- 
ample, that there are forests, prairies, plains, and 
swamps,, each one of which represents an association of 
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plants that characterizes it. Into each association cer- 
tain plants are admitted, and from each association cer- 
tain plants are excluded; that is, we have come to 
recognize that certain plants are naturally associated 
because they grow in the same conditions. Any set of 
conditions for plants is said to be a habitat, and each 
kind of habitat has its own peculiar association of 
plants. Of course, certain plants can live in a consider- 
able range of habitats. 

The most important fact in reference to a plant asso- 
ciation is that it is not permanent on a given area. 
In general, when a plant association lives for a time 
upon an area, that area becomes increasingly unfavor- 
able to it, until gradually it is succeeded by another 
plant association. Almost any plant association finally 
makes conditions unfit for itself, and at the same time 
more fit for some other association. This succession of 
plant associations may be illustrated by a. succession of 
human communities. Pioneer conditions bring together 
a characteristic association of individuals, but the con- 
ditions do not remain pioneer, and become favorable 
for another association of individuals; and this kind 
of succession may go on until the series of associations 
can be traced from the pioneer association to the 
metropolitan association. This means that each plant 
association can reveal the succession of associations that 
preceded it, and also the succession of associations 
that will succeed it. In other words, the most im- 
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portant thing in an association is fhe history and the 
prophecy it contains. 

It is evident that there may be many kinds of suc- 
cession, dependent upon the habitat. The start may be 
made on bare rock, on sand, on clay, in a swamp, 
and then each kind of succession will follow. It is 
also evident that the succession cannot go on 
indefinitely, but that some final association will be 
reached, which is called the climax association for that 
region. In general, some type of forest is the climax 
association, but there are obvious reasons why that type 
cannot be reached in certain regions. 

A single case of forest succession will serve to illus- 
trate not only the general meaning of succession, but 
also the facts that must be considered in any effective 
study of forestry. One of the best known forest 
regions is the white pine region of northern Michigan, 
from which the trees have been swept with no thought 
of their continuance, and the evolution of this forest 
will indicate the forest problems in general. 

The succession of plant associations which led up to 
the white pine forest started on sand, rock, clay, or in 
swamps, but the series beginning on a sandy beach will 
be used in the illustration. The first stage was the 
lower beach, washed by the summer waves, and there- 
fore with no vegetation, but with an accumulation of 
sandy soil. The second stage was the middle beach, 
rising higher above the water, and therefore washed 
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only by the larger winter waves. This freedom from 
waves during the summer permitted the growth of 
certain annual plants, whose bodies added some humus 
to the saud. The third stage was the fossil beach; that 
is, a beach that was once washed by the waves, but is 
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now beyond their reach. This continual freedom from 
wave action permitted the growth of more plants, and 
therefore resulted in the accumulation of more humus; 
but the soil would still have looked rather bare, as the 
plants would not cover the surface. The fourth stage 
was made possible by the accumulation of humus, and 
it is called the heath stage, for plants of the heath 
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family and their associates occupied the ground. At this 
stage, for the first time, the plants covered the ground 
80 thickly that competition among individuals began. 

With the further accumulation of humus the fifth 
stage became possible, that is, the pine forest stage. 




Marquette, Michigan. — 



Gradually the pines invaded the heath (Figs. 91 and 
92), first the jack pine, then the red pine, and finally 
the white pine. It was at this stage that men caught 
the sueeeasion and destroyed the pines. When a forest 
fire swept through the pine forest, it not only checked 
the succession but often set it back. If the fire were 
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prolonged and intense, it not only destroyed trees, 
but also mwch of the humus, and in such a case the 
succession might be set back to the heath stage. This 
would mean a long accumulation of humus before the 
piue forest could come in again. 
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But the important fact is that the white pine forest 
is not the climax forest for that region, for it has the 
curious habit of what may be called race suicide. Its 
seeds do not germinate well and its seedlings do not 
thrive in the shade, so that when a deeply shaded white 
pine forest is established it cannot propagate itself. 
But this shade is favorable to the seeds and seedlings 
of the maple and beech, and therefore these trees gradu- 
ally supplant the white pine, and the maple-beech forest 
is the climax association for that region (Fig. 93). It 
follows that the problem of forestry in the white pine 
region is not merely a fight against the devastation of 
man, but more fundamentally a fight against the race 
suicide of the white pine and against the encroachment 
of the hard-wood trees. 

This is an' illustration of but a single forest suc- 
cession, out of a great many that forestry must recog- 
nize. For example, in Oregon and Washington, where 
the conifer forests are so conspicuous, they are of 
the climax type, and there is no danger of an invasion 
by hard-wood trees. The conifers of that region do 
not commit race suicide, and the deciduous trees are 
not favored by the winter rains and dry summers of 
that region. 

After understanding the conditions that determine 
the presence of a forest and the kind of forest, it is 
necessary to realize the general character of a forest. 
Forests in general are either pure or mixed. A pure 
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forest is one in which all the trees, or a large majority 
of them, are of the same kind (Figs. 94-96), while a 
mixed forest is one in which there are various kinds 
of trees (Fig. 97). There are three parts of a forest 
to be considered in forestry: (1) the canopy, (2) the 
forest floor, and (3) the character of the tree trunks, 
which represent the mass of wood that constitutes the 
crop. 

The canopy is made up of the interlacing crowns of 
trees, and it must be kept as uniform as possible. The 
value of the wood depends upon this, for a good canopy 
causes the lower branches to be shed while they are 
small, and as a result the trunk is clean and free from 
knots. In the formation of a forest the forester sees 
to it that the canopy rises as the trees grow. In a 
pure forest a uniform canopy can be managed easily, 
but in a mixed forest the canopy is a more complex 
problem, for the different kinds of trees hold different 
relations to the light, some needing less light than 
others. In such a case the canopy is developed in 
stories, in accordance with the light needs of the 
different trees. The canopy serves several purposes in 
the economy of the forest. It manufactures the carbo- 
hydrate food for the trees; it shades the forest floor, 
and thus prevents the development of undergrowth; it 
checks the drying out of the soil, and shields the soil 
from dashing rains; it also enriches the soil with its 
leaf litter, making the forest soil the best of soils. 
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The forest floor is not merely the surface of the soil, 
but also the whole soil region in which the trees 
are rooted. This is usually deep and rich, but, more 
than all, the humus gives it the physical properties of 
a sponge in receiving and retaining water. 

The character of the tree trunks is studied, not only 
to insure freedom from lower limbs by means of a 
suitable canopy, but also for the development of wood. 
Each tree has a period of development, during which 
it adds annually to its wood mass enough to pay for 
the room and care it requires ; but eventually it reaches 
a stage when it is not making enough wood **to pay 
for its keep.'' The time to use a tree, therefore, is 

* 

when it has reached its maximum wood production and 
has not yet begun to decline. 

Forests not only build up and enrich the soil, but 
they also fix the soil — a fact of great importance, espe- 
cially in a hilly country. The interlacing roots grasp 
the soil so that roots and soil are knit together in a 
mass that resists erosion. It can be observed that hill- 
sides from which the forests have been removed soon 
become gullied and stripped of soil. This protection 
against erosion serves not only for the soil in which 
the forest grows, but also for the soil of the fields at 
the lower levels. 

Forest soil holds water so persistently that heavy 
rains do not run off quickly and produce floods as they 
do in bare regions. It is often remarked that streams 
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that had a steady flow when a region was first settled 
have become alternately flooded and dry since the 
forests were removed. Therefore the forest-covered 
soil not only prevents erosion of soil and flooded 
streams, but provides also a steady supply of water to 
the streams. 

The establishment of a forest where one does not 
exist, or the making over of an inferior forest, involves 
so many technical details that it would be foreign to 
the purpose of this book to enumerate them. The 
technic of forest formation, as these processes are 
called, must be learned from the special treatises 
devoted to this subject, and from experience, but some 
idea of the things involved will lead to an appreciation 
of one phase of the work of a forester. 

Sometimes the soil must be reclaimed by draining if 
it is swampy, and by putting it into better physical 
condition if necessary. Great judgment must be used 
in the selection of trees for a given region, and in the 
decision whether it is better to establish a pure or mixed 
forest. The seed used must be tested thoroughly for 
quality, and the care of seedlings is full of details. In 
general, the germination of seeds and the care of seed- 
lings are best provided for in reliable nurseries. In 
making over a forest of inferior quality, the problem is 
to give seedlings a chance to grow, and to replace the old 
and inferior trees by young and vigorous ones. Of 
course, each forest has its own problems, but enough has 
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been stated to indicate how a uniform stand may be 
secured in making or reclaiming a forest. 

The care of an established forest means keeping it 
in good condition. *' Cleaning'' a forest means the 
removal of useless trees, useless because they are dead, 
or injured, or old, or unpromising, and the removal 
of other plants and brush that interfere with the 
proper condition of the forest floor. ''Thinning'' a 
forest means the removal of certain trees to prevent the 
trees from interfering with one another (Fig. 98). 
This interference is mostly a question of an over- 
crowded canopy, for the crowns must expand freely 
and interlace, but must not interfere with one another's 
development. Sometimes pruning is helpful, but this 
is not practicable in a large forest as a general per- 
formance. The advantage of a forest growth in the 
production of wood as contrasted with isolated trees 
should be understood. A tree *'in the open" is often 
thought of as the best developed tree, which may be 
true so far as its general appearance is concerned; 
it seems to satisfy best our idea of how a tree should 
look ; but if a tree is expected to produce wood of good 
quality it must be associated with other trees so that 
a good canopy is developed. A tree in the open pro- 
duces more wood, but it is poorer in quality, because 
the lower limbs are allowed to develop and the wood 
is full of knots. 

The protection of forests is one of the most 
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difficult problems of forestry, for it involves the passing 
of laws and their enforcement, and the hearty coopera- 
tion of communities. This is especially true of protec- 
tion against fire, which is the greatest enemy of the 
American forest, and is mostly the result of ignorance, 
carelessness, or indifference. The fierce fires in the 
white pine regions of Michigan, Wisconsin, and Minne- 
sota have become familiar, and sometimes they involve 
extensive destruction, not only of valuable trees, but 
also of human lives. An investigation of the causes of 
these recurring forest fires has shown that the escape 
of sparks from passing locomotives is the chief cause. 
It is evident that this cause of fires can be controlled 
if public sentiment becomes strong enough. Another 
prolific cause of fires comes from the carelessness of 
campers and hunters, a cause that is troublesome to 
check. Farmers often ** clear the land" by fire, and 
carelessness or lack of judgment may result in per- 
mitting the fire to extend into the adjacent forest. The 
effect of a fire differs in its destructiveness. It may 
involve only the canopy; it may run over the surface 
of the soil ; or it may be fierce enough to burn the 
humus of the soil. In any case, the forest is crippled, 
and in the last case, not only are the trees destroyed, but 
the soil is no longer fit for forest growth. 

The danger of hard freezing is also to be considered, 
for it may kill the buds, crack the stems, and upheave 
the young plants. Frost cracks in lumber show that 
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damage from this cause is often serious. The trees can- 
not be protected from such a danger completely, but a 
dense canopy reduces the danger, and a thick litter of 
decaying leaves on the forest floor is still further pro- 
tection. Damage is also done by violent winds, hail 
storms, sleet, and snow, but these are the accidents of 
nature that involve only a repair of the damage. 

There are many insects that are very destructive to 
trees, because they bore into the wood or eat the 
leaves. The gipsy moth has become famous for its leaf- 
destroying powers. The best protection against insects 
is to encourage their enemies; a forest full of birds, 
toads, snakes, etc., is well protected against destructive 
insects. The need for such protection justifies the 
exclusion of hunters from various forests under culti- 
vation, especially the men who shoot at everything. The 
problem of grazing animals in a forest is a mixed one. 
These animals are usually sheep, and up to a certain 
number they may not be injurious, and may even be 
helpful, but in large numbers they are injurious, being 
not only grazing but browsing animals. 

The dangers to forests from plant diseases were con- 
sidered in a previous chapter, which deals with plant 
diseases in general. 

It is a surprise to many to discover the number of 
uses to which forest trees are put. Most people prob- 
ably think of forests only as a source of lumber, so far 
as their commercial use is concerned. It is true that 
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lumber is the conspicuous product, and it is known that 
this lumber is put to endless uses. For this purpose 
trees are grouped as *'soft woods'' (piiae, spruce, hem- 
lock, cedar, etc.), and **hard woods'' (oak, walnut, 
hickory, cherry, ash, maple, elm, etc.). The lumber 
industry in soft woods may be used as an illustration. 
The most prized soft wood is the white pine, and the 
important white pine states are Michigan, Wisconsin, 
and Minnesota. This valuable tree has been har- 
vested so recklessly that it has now approached 
dangerously near the point of extinction as a com- 
mercial source of lumber. In the South the yellow pine 
is the great soft wood (Fig. 99). The third great region 
for soft wood lumber is in the Northwest, in the Douglas 
spruce and redwood forests of the Pacific slope. 

The use of wood pulp in the manufacture of paper 
is a tremendous industry. The most commonly used 
wood is spruce, and the process consists in grinding the 
wood into pulp and pressing it into paper. This pressed 
pulp, aside from paper manufacture, is used in the 
manufacture of a great variety of articles, as buckets, 
doors, and even wheels. In the manufacture of paper 
it is estimated that one ton of paper pulp is produced 
by one and a half cords of spruce wood. The amount 
of this paper used by newspapers is enormous. It has 
been estimated that one large newspaper in New York 
City uses in one year all the spruce grown on 16,000 
acres of land as spruce naturally grows. If this amount 
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be multiplied so as to include all the newspapers, it 
is evident that the supply of spruce will fail speedily. 
Of course, other woods can be used for the same 
purpose, Carolina poplar making a very good wood 
pulp. 

The pines are used as a source of resin and turpen- 
tine, which occur as ''crude resin" in the ducts of the 
wood. The largest supply of this product comes from 
the pine woods of the South, but in collecting it' the 
trees are so handled that they are destroyed. In France 
the product is obtained without destroying the trees, 
and unless some such method is introduced in the 
Southern pineries the resin industry is doomed to 
destruction. 

The bark of certain trees is also used as a source of 
tannic acid for tanning leather. In Europe oaks are 
extensively propagated for this purpose, but in the 
United States hemlock bark is used. With our usual 
recklessness the trees are practically destroyed in secur- 
ing the bark, so that now a large amount of our tannin 
comes from South American woods. 

The destructive distillation of woods yields a remark- 
able variety of products that need not be enumerated, 
chief among which are alcohol, acetic acid, and tar. 
In every case after the desired product has been driven 
off by distillation charcoal is left. 

Any consideration of the products of trees must 
include maple sugar and syrup. This is said to be the 
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only forest industry that has been developed on a 
scientific basis (Fig. 100). It is an American industry, 
and when it is known that over 5,000,000 pounds of 
sugar and 3,000,000 gallons of syrup are produced each 
year it can be appreciated that the industry is a large 
one. 

Another use of forest products has yet to be de- 
veloped in the United States. In Europe every twig is 
used; that is, the forest refuse which we destroy as 
brush is all utilized. To use this material seems to the 
American a waste of time, involving an amount of labor 
that is not paid for by the result; but since many uses 
for forest refuse have been developed in European 
countries there is no reason why some of them may not 
be introduced here. 

The great importance of exercising some control over 
forests has led the national Government to adopt a 
system of forest reservations, which are under its care. 
To a certain extent states have done the same thing. 
It is not the purpose of the Government to withdraw 
these forests from use, but rather to supervise their 
use, so that they may continue to be productive. Further- 
more, some forests are reserved by the Government, not 
so much for the sake of a continuous lumber supply as 
to protect certain regions from floods and soil destruc- 
tion. 

Although not coming strictly under the head of 
forestry, a brief consideration of tree culture along 
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streets is a subject of great practical interest. The 
streets fitted for tree-planting usually provide a plant- 
ing strip between the sidewalk and curb, and in a very 
wide street a parking strip in the middle is often seen. 
Much street-planting has been done independently by 
the owners of different lots, so that the trees are of 
various kinds, and the result is a ragged appearance. 
If possible, a reasonable continuity in the kind of tree 
used improves the appearance of a street very much. 
Not only should the trees be of the same kind, but their 
spacing should be uniform, and this differs for different 
trees. The spacing should be a little larger than the 
natural spread of a tree; for example, the following 
spacings are recommended; white elm, fifty feet; 
maple, forty to forty-five feet; linden, forty feet; 
Carolina poplar, thirty feet. 

The selection of trees is important, and the judgment 
of people will vary. The primary choice is between a 
fast-growing tree and a slow-growing tree. The former 
brings results quicker, which means beauty and shade, 
but it is usually a short-lived and brittle tree. The 
latter develops beauty and shade very slowly, but it 
is usually longer-lived and tougher. It would seem 
wise to select for city streets the slow-growing and 
long-lived trees, the most popular of which is the white 
or American elm. The rapid growing trees which im- 
patient people select are usually Carolina poplar, 
willow, box elder, or silver maple. 
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The space for soil preparation is very restricted, so 
that instead of breaking up the soil in the usual way 
for a crop, large holes are dug and filled with proper 
soil, which in this case means a pulverized soil, 
thoroughly mixed with fine manure. More care must 
be taken to see that there is proper drainage, and often 
a tile drain has to be laid. The young trees are usually 
obtained from a nursery, and before they are ''set" 
they are pruned, so that the stem system may balance 
better the more or less injured root system. In case 
the root system is complete no trimming is necessary, 
but it would be a rare amount of care that could trans- 
plant a young tree without injuring the roots more or 
less. Of course, trees must be transplanted while they 
are dormant, and this means either a spring planting 
or fall planting, the former being the better. Some- 
times very large trees are transplanted, but the larger 
the tree the greater the danger. 

In observing most street trees, one might infer that 
after the trees are planted they need no attention. 
While they need little attention after they are full 
grown, the young and growing trees cannot be 
neglected. Perhaps the greatest cause of failure in 
the growing of street trees is the poor physical con- 
dition of the soil. It is evident that the soil must 
be kept in good condition, and since the feeding-ground 
of street trees is much restricted, certain fertilizers are 
of great help. 
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There are many sources of injury to street trees, due 
to city conditions. Smoke poured out abundantly from 
smoke stacks, and gas from leaking pipes escaping into 
the soil about the roots are common causes of dead and 
dying trees seen along the streets. Electric linemen 
are often reckless in chopping out branches to clear 
the way for wires. Trees are often also seen to be used 
for anchoring guy-ropes. Regrading streets often 
destroys trees ruthlessly and needlessly. Ignorant 
pruning probably destroys more trees than any other 
danger, not only because the pruning is wrong, but also 
because the wounds are not cared for. The old days of 
using trees for hitching-posts and subjecting them to 
wounds from horse bites are nearly past. Of course, 
storms are to be reckoned with, and a sheeting of ice 
breaks many twigs and often large limbs. The best 
protection against damage from such storms is to select 
for street trees those that are not brittle. The Carolina 
poplar, willow, and silver-maple are notably brittle, 
and after a storm the ground beneath them is strewn 
with a litter of branches. 



SUMMARY 

Forestry means in general the care of forests, the 
two purposes being to maintain them as a source of 
necessary products, and as a check to floods that carry 
oflE soil. It also includes the making over of inferior 
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forests, the establishment of forests where they do not 
exist at present, the use of forests so far as it is con- 
sistent with their preservation, and the handling of the 
crop for its various purposes. 

The scientific background of forestry is a knowledge 
of the succession of plant associations that lead up to 
a forest. This enables the forester to realize the type 
of forest that belongs to a given habitat, and also 
whether the climax type has been reached. It is this 
scientific background that has developed the knowl- 
edge, for example, that the white pine forest is not 
the climax type for its region, but will be replaced by 
the beech-maple forest if left alone. In this case, 
therefore, forestry is not only a fight against devasta- 
tion by man, but also against nature. 

The three parts of a forest to be considered are the 
canopy, made up of the interlacing crowns of trees, 
and which manufactures food and protects and 
enriches the forest soil; the forest floor, which is the 
soil in which the trees are rooted, and which should 
have the physical properties of a sponge ; and the char- 
acter of the tree trunks, which produce the crop. 

Forests not only furnish lumber and other products, 
and build up the soil, but they also fix soil, a fact of 
great importance, especially in hilly countries. It is 
for this purpose that many Government forest reserva- 
tions include important watersheds. 

The protection of forests against man is one of the 
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most difficult problems of forestry, for it involves the 
passing of laws and community cooperation in their 
enforcement. 

The uses to which forest trees are put are surpris- 
ingly numerous, as the following common products 
would indicate: lumber, wood pulp for the manufac- 
ture of paper, resin and turpentine, tannic acid, 
alcohol, acetie acid, tar, maple syrup', etc. 



CHAPTER XVI 

THE SEAECH FOE NEW PLANTS 

It is a natural tendency for the crop-producers of 
a country to restrict themselves to a limited range of 
plants. The cultivation of certain plants has been in- 
herited by each nation, and the taste of the people has 
become adjusted to these plants. As cultivation con- 
tinues and becomes more scientific, great improvements 
are made in the plants of a country, so that crops 
become more certain, more abundant, and of higher 
grade. This provincialism in crops may not be a 
serious handicap in an isolated country which is 
compelled to be sufficient unto itself in the matter of 
food-production. This situation for countries is just 
what it once was for families, when they were inde- 
pendent units and did not depend for subsistence on 
other families. This situation has not only changed 
for families, but also for countries. No civilized 
country is isolated now, and the crop-producer in the 
United States is coming rapidly into competition with 
the crop-producers of the world. 

Another important consideration in connection with 
provincial crop-production in the United States is the 
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great diversity of soil and climate. A limited number 
of plants cannot possibly represent the maximum pro- 
duction for all regions of the United States, extending 
as they do from high temperate altitudes to the sub- 
tropics, and from deep, well-watered soils to deserts. 
In fact, all the conditions for plant growth in the world 
are more nearly represented in the United States than 
is generally appreciated. It is evident that, if this 
country is to remain strong in a world-competition for 
food-production, it must find plants of maximum yield 
for every plant habitat. When one realizes the 
thousands of different kinds of native plants that 
inhabit the United States, he appreciates how diversi- 
fied must be the conditions for plant growth. This 
ought to suggest as great a diversity of cultivated 
plants as possible in order to increase the total pro- 
duction. To accomplish this will require something 
more than multiplying races of the comparatively few 
plants now cultivated in the United States. It will 
require a study of the crops of the world, and the 
introduction of such foreign plants as will meet certain 
conditions better than those we are now cultivating. 
In other words, we must encourage the immigration of 
useful plants, just as we have built up a strong nation 
by the encouragement of human immigration. 

The value of the introduction of desirable foreign 
plants is not to be measured by the number of species 
introduced. With the methods of plant-breeding that 
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have been developed, a single new species may become 
the origin of a large number of races adapted to our 
varying conditions and developing qualities, both in 
kind and in variety, unknown in the regions of orig- 
inal cultivation. A desirable form, therefore, may 
become the parent of a large progeny of desirable 
forms. 

With some such view as to the future needs of this 
country, in 1897 the United States Department of 
Agriculture established the ''Office of Foreign Seed 
and Plant Introduction." Under the direction of this 
Office, explorers have looked for useful plants in 
various parts of the world, and special investigators 
have studied the production of important foreign crops. 
An immense amount of information has been secured 
and made available, and to make this information of 
service to the crop-producers of this country is the 
purpose of this Office. 

The introduction of new crops is a slow process, for 
it must overcome prejudice, training, and sometimes 
taste. Furthermore, the new crop must be demon- 
strated to be a useful one ; it must be made familiar to 
crop-producers, and it must supply a growing demand. 
To accomplish these things the Office of Seed and Plant 
Introduction during the seventeen years of its existence 
has introduced for trial in this country over 40,000 
varieties of foreign plants. It is not expected that all 
introductions will be found useful, or will appeal to 
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the American taste, but they represent plants used in 
foreign countries that deserve to be tested in this 
country. 

The general purpose of the Department of Agricul- 
ture in maintaining such work has been stated to be 
'*to help find the plant which will produce the best 
results of any that can be grown, on every acre of 
land in the United States." An amplified statement of 
this purpose is well expressed in the following extract 
from an address given by Mr. David Fairchild, Agri- 
cultural Explorer, in charge of foreign seed and 
plant introduction: 

"Carried on as a government policy over a long series of 
years, what will be the result of this plant-introduction work? 
To my mind there can be no question that it will be one of 
the great agents in the diversification of our agriculture and 
help lessen the losses which occur by the shifting of farm 
industries from one region to another. It is in line with 
the development of the human race, which is moving from 
the one-food basis of the savage toward a multiple food 
standard. It will lead to substitution in our foods of better 
for inferior things. It will result in the creation of those 
natural plant monopolies upon which the agricultural wealth 
of a country should rest, monopolies such as have made the 
peasantry of France so well-to-do. It will lead to the utiliza- 
tion of land by that crop which is best able to create food 
or other valuable material on that land. It will lead to the 
substitution of the tree crops for annual crops wherever they 
are of advantage. It will assist in the utilization of waste 
lands all over the country. It will help make the roadsides, 
city streets, parks, and yards more attractive, as it has made 
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them in England, by the discovery of ornamental plants 
adapted to cultivation here. It will prepare the young horti- 
culturists of America for the opportunities of the tropics 
which are opening with such remarkable rapidity and which 
are sure to attract American capital and enterprise on a 
gigantic scale. It will help to enlighten the American farmer 
on what the other farmers of the world are doing, and furnish 
him with material with which to compete with them in a 
host of lines/' 

When an explorer or an investigator introduces a 
new crop plant for trial, it is grown under experi- 
mental control as the first test. If it seems promising, 
it is distributed among certain gardens and experi- 
menters for further testing. Finally, it may be sent 
to everyone who is willing to experiment with it. In 
this cooperative way a new crop plant may gradually 
find a place among our old ones, and it is the best kind 
of training for a host of scattered experimenters to 
share in testing the possibilities of a new plant. Of 
course, it has been necessary for the Department to 
establish certain experimental gardens of its own, well 
distributed as to climate and soil conditions, in which 
the initial propagation and sometimes the more or less 
continuous propagation of foreign crop plants can be 
studied; in which also the desirable plants can be 
multiplied in sufficient quantity for distribution. At 
present six experimental gardens or propagating 
stations are established, as follows: Chico, California; 
Brooksville and Miami, Florida; Yarrow (near Rock- 
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ville), Maryland; Brownsville, Texas; and Mandan, 
North Dakota. 

A list of the plants that have been introduced, and 
that either have become established among our older 
crops or bid fair to become so, would be a long one, 
and yet this is but a small beginning of the possibilities 
that lie in the future extension of this work. A very 
few illustrations will show the nature and importance 
of the introductions. 

Even magazine literature has familiarized the public 

with the value of such introductions as the Durum 

« 

wheat from the Mediterranean and Black Sea region, 
which has done so much toward solving the problem 
of a good drought-resistant wheat; the Japanese rice, 
which has enormously increased our output of rice ; and 
the alfalfas from Siberia, which have revolutionized 
forage production, especially in the western states. 

One of the most noteworthy introductions is the 
Oriental mango, which is often said to be the finest 
fruit in the world ; certainly it is one , of the great 
fruits (Fig. 101). Its value in India is so highly 
esteemed that it has been made a sacred fruit. There 
are . endless varieties of mango, of all flavors and tex- 
tures and sizes. These are now being grown in 
Florida, Porto Kico, and Hawaii, and the results show 
that the American demand for this fruit will keep 
pace with any increasing production. 

A very important new plant is the date palm, which 
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is one o£ the oldest cultivated plants in the world 
(Fig. 102). It is said to be the plant that enabled the 




Fid. 101 — Peters' mango. — Tear Book, D«pt. Agrl. 

Arabs to live in the desert. The plant is remarkable 

for its endurance of conditions that make most crop 

281 




Fio. 102. — Base of a date palm, ahowloK two fruit cluatcrs. 
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plants impossible. It can thrive in alkaline soil, so 
salty that no other crop plant can grow. It cannot 
only live in the warmest temperature of the world, 
but it can also stand a slight frost. The yield of fruit 
by a single tree is enormous, reaching in this country 




Fio. 108. — Timber bamboo. — Photograph by lutnt, 

as much as one hundred and thirty pounds. It took 
much work in many countries, by many men, through 
many years, to establish the date palm in our arid 
Southwest; but now over one hundred varieties are 
growing in six cooperative date gardens in Texas, 
Arizona, and California, and are being distributed to 
prospective growers. It has been estimated that a 
profit of one hundred and fifty dollars an acre is to 
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be expected from a well-managed date plantation and 
it must be remembered that the acres referred to are 
such as would ordinarily be called a desert 

Another conspicuous fruit that is commg into notice 




Pig. 104. — Avocado (alligator pear). — After Bailbt. 



is the persimmon, the discovery being made that the 
Oriental (especially Japanese) persimmon is a fruit of 
first importance. Our own slowness in recognizing the 
value of this fruit has been due to our acquaintance 
with its very inferior representative in this country. 
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The improvement of the persimmon, therefore, has come 
to be another current problem. 

One of the most recent introductions has been the 
Oriental timber bamboo (Fig. 103). Anyone who has 
traveled in the Orient must have been impressed by the 
extensive use made of this plant. Its lightness and 
durability make it singularly efficient for many pur- 
poses. It is said that there is no plant in the world 
that is put to so many uses as the bamboo. Groves of 
these are now being established in northern Florida and 
Louisiana, and the commercial possibilities of this plant 
in the Southern . States are well worth the effort to 
extend its cultivation. 

To illustrate the range of introductions that are 
being madCj and that give promise of great usefulness, 
the following may be mentioned: 

The seedless grapes of Italy and Greece are already 
being included among our table grapes. 

The dasheen, which is a root crop related to the 
Hawaiian taro, will probably rival the potato as a food 
producer. The significance of this crop lies in the fact 
that it is suitable for cultivation in the Southern States 
in lands that are too moist for the potato. 

The introduction of avocados (alligator pears), na- 
tives of the West Indies and of the American tropics 
from Mexico to Peru and Brazil, has established a place 
for this notable fruit of the American tropics among 
the fruits of California and Florida (Fig. 104). 
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The Smyrna fig has now become established as an 
industry on the Pacific coast. 

The introduction of a wild peach stock from China, 
which is hardy in the Middle Western States, has made 
peach culture possible in regions where it was pre- 
vented before by frosts. 

The introduction of the Chinese wood-oil tree, whose 
nuts yield the best varnish oil, has made it possible to 
introduce a new crop in the Gulf States for cheap lands 
that have heretofore been producing little or nothing. 

In the list of recent importations of foreign plants, 
e;xpected to prove useful in this country, the following 
items appear: 

In 1907 there were twenty-three varieties of soy bean 
in this country, while a recent Bulletin reports that 
three hundred varieties have been imported from every 
part of the world and tested. Since the soy bean is a 
most valuable forage crop for the Southern States, the 
significance of these importations is apparent. 

Eecently sixty-four varieties of tobacco have been 
introduced, in the hope of securing disease-resistant 
races. 

From South America two hundred and forty-eight 
races of potato have been brought to take part in ex- 
periments to multiply the useful races of this funda- 
mentally important crop. 

To develop rust-resistant races of asparagus, thirty- 
five varieties have been imported recently. 
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The greatest number of recent importations have 
been varieties of alfalfa and its allies, the world having 
been ransacked for suitable races of this most important 
forage plant for all parts of the United States. 

Races of cotton have been brought from Egypt to 
improve our production of this important staple. 

Numerous races of forage grasses have been imported 
from Africa which promise to revolutionize the produc- 
tion of hay throughout the Southern States. Notable 
among these imported forage grasses are the strains of 
Soudan grass. 

These illustrations will serve to indicate the organized 
effort that is being made to secure new plants ; to utilize 
the experience of all nations cultivating plants; and to 
bring together upon our diversified area all plants that 
will either increase or vary our products. 



STJMMABY 

The Office of Foreign Seed and Plant Introduction of 
the Department of Agriculture, established in 1897, has 
undertaken the business of introducing into the United 
States plants from all parts of the world which may be 
of service in increasing and diversifying our plant 
products. 

This country is restricting itself to a limited range 
of crop plants, resulting in a provincialism in food- 
production which is far from representing the maxi- 
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mum production for all parts of so extensive and 
diversified a country as the United States, which may 
well utilize plants from every part of the world. 

It is not expected that all imported plants will prove 
to be useful; they must be tested, explained, and dis- 
tributed. For this purpose the Government has estab- 
lished propagating stations in various parts of the 
country. 

The importations that have already proved to be of 
great value are very numerous, supplying valuable 
plants for relatively sterile regions, improving produc- 
tions in regions already under cultivation, supplying a 
much greater range of useful products, and securing 
new qualities for the old races. 

The volume of importations is increasing each year, 
so that many thousands of foreign races are now under 
experimental study, each year adding to the list of those 
that prove to be valuable additions to our plant 
products. 



CHAPTER XVII 

WHAT THE GOVEENMENT IS DOING 

In the preceding chapter, the work of the Govern- 
ment in searching the world for new plants was 
described. This is only one of the multifarious activi- 
ties of the Bureau of Plant Industry. Those who are 
interested in plants should have some general concep- 
tion of the organization of the Department of Agricul- 
ture. Among the aims of the Department, as stated by 
its recent secretary, are the following : 

To bring the scientist to the help of the people; to ascer- 
tain what imported crop plants might be produced in our 
own country ; to search the world for grains, fruits, vegetables, 
grasses, and legumes that might be found useful here; to 
secure new varieties of plants by breeding and selection; and 
to control destructive diseases. 

The scientific work of the Department is distributed 
among eight great divisions, mostly called ''Bureaus," 
each with its chief and staff of investigators. These 
divisions are as follows: Weather Bureau, Bureau of 
Animal Industry, Bureau of Plant Industry, Forest 
Service, Bureau of Chemistry, Bureau of Soils, Bureau 
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of Entomology, and Bureau of Biological Survey. The 
subject with which this book deals falls for the most 
part under the Bureau of Plant Industry. This great 
Bureau is a very complex organization, its scientific 
work being distributed among seven major divisions, 
each division being subdivided upon the basis of the 
particular type of investigations conducted. These main 
divisions are Pathology, Physiology, Technology, Horti- 
culture, General Farming, Agronomy, and Seed and 
Plant Introduction and Distribution. An illustration 
of the subdivisions may be taken from those under 
Pathology and Physiology. Pathology includes divi- 
sions of bacterial diseases, diseases of fruits, diseases of 
forest trees, diseases of cotton, truck crops, etc. Physi- 
ology includes life history investigations, bionomic in- 
vestigations, soil bacteria, water purification investiga- 
tions, drug plant and general physiology investigations, 
and plant nutrition investigations. These names may 
not suggest the kind of work in every case, but they 
do suggest the effort to investigate the whole range of 
problems that bear any relation to agriculture. When 
it is known that under these seven major divisions there 
are approximately thirty subdivisions, each with its 
own staff of investigators, and that the Bureau of Plant 
Industry is only one of eight great bureaus under the 
Department of Agriculture, the extent and variety of 
the work of the Department for the benefit of 
agriculture may be somewhat appreciated. 
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In addition to the work done by the Department of 
Agriculture, there are sixty-six Agricultural Experi- 
ment Stations in the United States (including our 
insular possessions), wh*ere similar work is being 
carried on. It is evident that the total volume of work 
represented by these Government and State organiza- 
tions is enormous, and that if the methods and results 
of agriculture are not improved each year it is not 
from lack of opportunities for investigation, but from 
lack of scientific insight on the part of investigators 
and those who are directing them. An immense 
amount of information in the form of Bulletins is being 
sent continuously to crop-producers, and it would be 
impossible to estimate the service that this has 
rendered. 

In addition to these bulletins, the *' Experiment 
Station Record " brings together in brief abstracts 
the significant work relating to agriculture from 
all parts of the world. To indicate the amount of 
such work that is being published, the ** abstract 
number *' of the record for April, 1914, may be used 
as an illustration, selecting in the main from the work 
of 1913, so far as plant-breeding is concerned. This 
number contains thirty-four titles on agricultural 
chemistry, forty-two on soils and fertilizers, twenty-one 
on agricultural botany, fifty-seven on field crops, sixteen 
on horticulture, thirteen on forestry, and fifty-four on 
plant diseases. These two hundred and thirty-seven 
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titles are selected as deserving mention on account of 
their bearing upon the problems of agriculture. 

A brief account of some of the work in plant-breeding 
undertaken by the Department of Agriculture will indi- 
cate more definitely the purposes in view and the 
results attained. The general statement may be made 
that almost every important crop is now under investi- 
gation. So far as plant-breeding is concerned the in- 
vestigations have in view the improvement of existing 
varieties, the determination of the most suitable 
varieties for each region, the securing of the greatest 
resistance to drought and disease, and the development 
of the best agricultural methods. 

Probably the first work in plant-breeding undertaken 
by the Government was the attempt by Webber and 
Swingle, almost twenty years ago, to produce a hardy 
orange, an attempt referred to in a preceding chapter. 
The hardy, but inferior, Japanese Citrus trifoUata was 
crossed with standard Florida oranges, and the result 
has been a number of forms called ' * citranges, ' ' some 
of which are proving to be of economic value (Fig. 63). 
They are adapted for growth in regions just outside the 
region of ordinary citrus culture, thus extending the 
area for the cultivation of citrus crops. Extensive 
breeding experiments with citranges are still being 
conducted, and there is every prospect that this new 
type of citrus fruit will become a permanent feature 
of our fruit production. It is claimed that the citranges 
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will prove to be decidedly valuable as a substitute for 
lemons, and they can be cultivated in regions that are 
prohibitive to lemon culture. 

Early in the history of the Bureau of Plant Industry, 
which was organized in 1898, maize, cotton, and tobacco 
were taken up for breeding work. These three important 
crops have now been under investigation long enough to 
make the results of such work evident and to indicate 
what may be accomplished with other crops. 

Maize is our greatest crop, so that much attention has 
been given to its improvement. Ordinary methods of 
selection had not reached very satisfactory results. 
There had been developed a selection of ears based upon 
a number of ** points" that a good ear should show. 
Private enterprise in this way had done much to 
increase the productiveness and improve the quality 
of maize. When, in 1901, the Bureau of Plant 
Industry began the series of investigations which are 
still being continued, it was soon discovered that ears 
selected on account of their good points did not neces- 
sarily result in a more productive or profitable crop. 
A better knowledge of the principles involved has been 
developed gradually, so that now crops can be more 
assured because of the development of races more 
resistant to drought, disease, and insects; can be more 
abundant than ever before ; and are of far better 
quality. It was also discovered that there is no such 
thing as a uniform maize region, and that therefore 
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there is no such thing as a uniform best variety. Great 
(liflFerences developed in different habitats, and much 
of the work of the Bureau has been directed toward a 
proper adjustment of varieties to habitats. 

About the same time work with cotton was begun, 
emphasized by the necessity of solving the problem of 
the destructive boll-weevil. As in all such cases, one 
problem has opened up another, and the results of 
approximately fifteen years of work may be regarded 
as a report of progress rather than of final accomplish- 
ment; and still the progress has been remarkable. In 
this crop, also, an adjustment of varieties to habitats 
was found to be necessary, so that a given race of cotton 
is prescribed for a given habitat as being the most pro- 
ductive and the most profitable. It has also been found 
that any variety of cotton adapted to a given area may 
suffer serious deterioration by chance crossing with 
another variety. It follows that each region should be 
limited to a single » variety. This calls for a new type 
of community action, for a single cotton planter who 
perversely uses a race other than that used by his 
neighbors may cause a deterioration of all the crops 
of the neighborhood. The variety most suitable for 
any area need not be a matter of varying opinion 
among the cotton planters, but may be referred to the 
Bureau of Plant Industry for a definite prescription. 
In the case of cotton, therefore, the methods used to 
maintain a variety are totally different from those used 
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to secure new varieties. Such facts must be learned 
for all crops, and this knowledge can only be developed 
by a long series of breeding experiments. 

The investigation of tobacco was started with the 
organization of the Bureau of Plant Industry, and has 
developed into an extensive and varied series of experi- 
ments, involving not only the races of tobacco but also 
its proper curing, and all matters relating to its 
handling. Whe*Q the work began, the yield and the 
profit were comparatively small. This was found to be 
due to the cultivating of very mixed and undesirable 
forms. In fact, a field of tobacco was almost as con- 
spicuous a mixture of different types as was the ordi- 
nary field of maize. Not only were the types mixed and 
poor, but the cultural methods were inadequate, such 
things as proper rotation, fertilizing, etc., being prac- 
tically unknown. All this has been changed. The old 
types have been isolated from mixtures and improved 
by selection; new and more productive types have been 
produced by breeding; and foreign varieties have been 
introduced and made to contribute to the general 
value of the crop. It is now claimed that the yield is 
easily doubled by the proper varieties and methods of 
culture. 

Investigations of the Irish potato have become very 
extensive in the effort to secure disease-resistant 
varieties, especially against potato rot, and to discover 
the variety best suited to each locality. The relation 
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between races of potatoes and the soil conditions seems 
to be much more intimate than in the case of most 
crops. Not only are the well-known varieties under 
investigation, but also varieties imported from South 
America and Europe. This work, begun in 1903, has 
now resulted in the establishment of field stations well 
distributed through twelve States, from Maine to Cali- 
fornia. The result of this work upon the total produc- 
tion of this important crop throughout the United 
States has been very great. 

One of the interesting investigations in progress, 
begun in 1905, is that of the peanut, which is found 
to be an exceedingly valuable crop in the boll-weevil 
district of the South. It is claimed that it gives a crop 
of as great money value as cotton. The alternation of 
cotton and peanuts is a very effective method of 
insuring the minimum loss from the boll-weevil. 

One of the important pieces of work undertaken by 
the Bureau is the mapping of fruit districts. This has 
involved breeding and field work for ten years, and is 
being extended as rapidly as possible. In a general 
way, fruit-growers had discovered that certain regions 
are better than others for certain fruits. The Bureau 
is mapping these districts definitely, so that a fruit- 
grower in any region may know the fruits he should 
attempt to cultivate. 

It will be of interest also to know something of the 
current problems, for these are always suggested by 
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some need that has become apparent. These problems 
are presented each year in the Year Book of the Depart- 
ment of Agriculture, and some examples from the 
last two volumes published (1911 and 1912) will indi- 
cate the nature and variety of the work that is 
undertaken. 

No problems relating to agriculture are attracting 
more attention at the present time than soil problems. 
It is realized that the plant and the soil are partners 
in production, and that no amount of success in plant- 
breeding will avail unless there is corresponding success 
in solving soil problems. The work of the Soil Survey, 
therefore, in investigating the different soil types of the 
United States is of fundamental importance. This sur- 
vey has now described eight soil types, whose distribu- 
tion covers one-fifth of the arable land of the United 
States, east of the ninety-eighth meridian, and has dis- 
cussed the relation of the different soil% to crops. It is 
probably true that each type of soil is especially adapted 
to the production of some great staple crop or group of 
crops. Such a survey should result finally in an agri- 
culture so diversified that each area will be made to pro- 
duce its maximum yield. 

The problem of the truck soils of the Atlantic coast 
region, extending from southern New Jersey well into 
Georgia, has received special attention. An analysis 
of these soils has formed the basis of suggestions as to 
their adaptation to the various truck crops. The 
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detailed advice given as to maximum yields should 
result in a large increase of total truck-crop production 
throughout this region. 

Bound up with the problem of natural soils is the 
problem of fertilizers. Concerning this problem there 
is more diversity of opinion, arising chiefly from the 
fact that soil chemists too often do not realize the bio- 
logical and physical aspects of the soil, or the behavior 
of plants in reference to the soil. One of the most sig- 
nificant undertakings of the Bureau of Soils in this 
connection is an investigation of the possible sources 
of potash for fertilizing in connection with what is 
called intensive agriculture. At the present time the 
world's supply of potash fertilizer comes mainly from 
German deposits, and there are reasons why the United 
States should be independent of this foreign supply if 
possible. Investigations are in progress to discover a 
possible home supply, and many suggestions have been 
made. The Bureau has grouped the possibilities into 
two categories, which it calls possible minor and major 
sources. Some of the possible minor sources of the 
needed potash supply that have been suggested and 
experimented with more or less are as follows: (1) 
wood ashes, attention being called to the fact that a 
vast amount of this material, especially in the form of 
sawdust and inferior lumber, is supplied by sawmills; 
(2) wool washings, which are utilized as a source of 
potash supply in parts of Europe; (3) artificial niter 
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(potassium nitrate), which is manufactured in various 
parts of the world, notably in India; (4) sunflowers 
and desert plants, by which waste lands, and especially 
the arid regions of the country, could be used for grow- 
ing plants from which potash could be obtained by 
incinerating the stalks; the plan is suggested by the 
fact that in Eussia sunflowers are grown on waste lands 
for this purpose; (5) carbonated ponds, many of which, 
for example, occur in western Nebraska, containing 
saline waters; (6) rock salts and brines, which occur in 
a number of deposits and salt wells. 

Four possible major sources of potash supply have 
been suggested. One suggested source is alunite, a 
potash-containing mineral which is widely distributed 
in the United States, notable quantities occurring in 
Colorado, California, Arizona, Nevada, and Utah. The 
problem involved in this case is to obtain the potash in 
available form at sufficiently low cost. A second 
suggested source is from the feldspar and potash sili- 
cates, of which there are large deposits, but the methods 
of extraction have not reached a practical stage. A 
third suggestion is to obtain the potash supply from 
the desert basins of the country in which there are 
heavy deposits of salts. The most promising Ameri- 
can source of potash, however, is from the giant kelps 
of the northwest coast, ranging from California to 
western Alaska. Investigations as to the occurrence 
and availability of these kelps have been going on for 
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two or; three seasons, and the conclusion has been 
reached that the supply is ample in amount, having the 
advantage of being an annual crop, that the crop is 
easily harvested, and that the most abundant kelps in 
the region referred to are extremely rich in potash. 
One of the remarkable facts learned in these investiga- 
tions is that these kelps pick out and accumulate the 
potassium salts from the sea water, and not the sodium 
salts. This really means the use of the ocean as a 
source of potash supply, the kelps collecting it annually. 
The general conclusion in reference to these investiga- 
tions is that there are abundant sources of potash in 
the United States to supply all the present and pros- 
pective needs of agriculture. 

During recent years the practice of dry farming has 
developed extensively, the general principles of which 
are explained in the chapter treating of soils. On ac- 
count of the success of this method of handling soil, 
the expectation has grown rapidly that it will solve 
the problems of our more arid districts, and that the 
whole plains region will become a region of successful 
farms. The Department of Agriculture has felt it nec- 
essary to issue a warning, calling attention to some 
misconceptions concerning dry farming. One of these 
misconceptions is that dry farming means a definite 
''system,'' applicable to any part of the great plains 
region. Another one is that there can be developed 
hard and fast rules governing methods of tillage, etc., 
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which can make of dry farming a perfectly definite 
procedure. Other misconceptions referred to are that 
deep tillage necessarily increases the water-holding ca- 
pacity of the soil; that any amount of tillage can be 
relied upon to overcome the effects of severe and long- 
continued drought. The danger that is developing seems 
to be the impression that a farmer may be taught by 
given rules how to operate a dry land farm anywhere 
in the plains region. Like any other kind of farming, 
the problems are local, although there may be general 
principles that obtain anywhere. 

It is interesting to notice that, with the great devel- 
opment of irrigation systems throughout the drier re- 
gions, there has now come forward a claim for supple- 
mental irrigation in humid regions. Tliere are fre- 
quently great losses of the more valuable crops through- 
out humid regions from, an occasional severe drought, 
and it is felt to be quite worth while to arrange for 
supplemental irrigation systems to meet such emer- 
gencies. 

One of the conspicuous problems of agriculture is the 
problem of rotation, and perhaps the most important 
recent experimental work has had to do with rotations 
in the corn belt. The great corn states are Ohio, Indi- 
ana, Illinois, Iowa, Missouri, Kansas, Nebraska, S. 
Michigan, S. Wisconsin, S. Minnesota, S. E. South Da- 
kota, and W. Kentucky. This area produces two-thirds 
of the corn crop of the United States, which amounts 
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approximately to two billion bushels a year. The sta- 
tistics of the past ten years show that the yield of 
corn, wheat, oats, and hay over this area has been about 
half what it should be. In consequence of this showing 
a study of the effect of different rotations was under- 
taken. For example, the following experiments were 
carried on: continuous corn culture; corn in rotation 
with oats ; a three-year rotation, consisting of corn, 
oats, and clover ; a four-year rotation, consisting of corn, 
corn, oats, and clover; and various other modifications 
of rotations, reaching about ten different kinds. Of 
course, it was found that continuous crop culture of 
any one kind is undesirable ; also that a rotation of ex- 
hausting crops, as oats, barley, and wheat, results badly. 
The addition of clover or alfalfa in rotation is shown 
to be a step in advance, and barnyard manure is proved 
to be the very best fertilizer. 

The problem of rotation is also being investigated in 
connection with insect injuries in the South. The re- 
markable awakening in agriculture in the South in 
recent years has resulted in an attempt to diversify the 
crops. This movement, it is said, is largely the result 
of the invasion of the boll-weevil. All sorts of crops 
are attacked by insects, and it is hoped that rotation 
systems may be developed that will secure what may 
be called insect control. Various rotations have been 
experimented with, and the Department is making 
recommendations as to the most useful kind. 
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Each year the Department reports promising new 
fruits. This has been going on since 1901, and there- 
fore a great number of fruits have been presented 
which are little known among fruit-growers, and which 
are believed to possess qualities that will make them 
valuable. The range and number of these new fruits 
may be indicated by the fact that during 1911 and 1912 
the new varieties discussed were as follows: apples, 
six varieties; pears, two; peaches, one; plums, two; 
grapes, one; oranges, one; strawberries, one; avocados, 
one ; pecans, five. 

Among the notable new introductions into the 
Southern States are the introductions of new grasses 
for hay crops adapted to the South, where the natural 
conditions are not suited to the grasses that are most 
commonly cultivated for hay. It was found that native 
species in general are not suitable for such cultivation 
in the Southern States, and hence several hopeful 
foreign species were tested. Two of these foreign 
grasses stood out as of particular importance. One of 
them is the so-called Rhodes grass (a species of 
Chloris), Q.n African grass named for Cecil Rhodes. 
This grass has been introduced in Australia, and has 
become a valuable forage plant, but in this country 
it seems only adaptable to the extreme South. By far 
the most important grass for the South is the Soudan 
grass (a species of Andropogon) , which is also from 
Africa, as its name implies. It is wonderfully adapt- 
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able to varying conditions, and under all these con- 
ditions it produces profitable yields of excellent hay, 
and can be cultivated with great ease. 

One of the aims of the Department during the last 
few years is to encourage tree-planting by farmers. It 
appears that farmers are responsible for about 90 per 
cent, of the one million acres of forest plantations in 
the United States, plantations chiefly produced in the 
central treeless region. The Department has issued 
advice as to the trees for such a region ; as to successful 
methods of planting; and as to proper cultivation. 

The whole subject of forestry has also developed the 
need of seed collection upon a scale never thought of 
before. It is said that in the national forest reserva- . 
tions there are 15,000,000 acres unproductive, but 
capable of supporting trees. The present plans con- 
template producing forests over this area, which is 
now bare or covered with brush. It is found that half 
of these 15,000,000 acres can be reforested only thi*ough 
artificial planting. This means a vast collection of 
seeds, which, of course, cannot be supplied in any ordi- 
nary way. At the rate of 30,000 acres a year, it would 
take two and a half centuries to plant the 7,500,000 
acres. The problem is: Where may these many tons 
of seed be obtained. The Forest Service has de- 
veloped a scheme for organizing seed collection upon a 
stupendous scale. Data in their hands now show that 
vast quantities of seeds can be secured from the forests 

304 



WHAT THE GOVERNMENT IS DOING 

for this purpose. The unit that forms the basis of 
the work is the average of six pounds of seed per acre. 

The disease of plants which has attracted the largest 
attention during the last two or three years is the 
chestnut bark disease, which was first clearly seen as 
a source of danger in 1904, when discovered upon Long 
Island. It has now spread from the general vicinity 
of New York City, and extends from New Hampshire 
into Virginia. The disease has been spread rapidly by 
diseased nursery stock, and up to 1911 the financial loss 
was estimated at $25,000,000. It appears that this loss 
is insignificant when compared with that which will 
ensue if the disease gets into the fine chestnut timber 
of the southern Appalachians. There seems to be no 
present indication that the disease is declining in viru- 
lence, and it has been found that it kills all trees where 
it is present long enough. In the absence of any 
suggestion as to control, the effort now has been to 
breed resistant races, and this effort has obtained some 
promising results. Of course, there must be inspection 
and destruction of diseased nursery stock. The Govern- 
ment is issuing statements that contain advice to 
growers of orchards and ornamental trees as to such 
measures of control as seem feasible. It is thought 
that the outlook is very serious for forest trees. 

Perhaps the most significant activity of the Depart- 
ment has been its encouragement of the teaching of 
agriculture in the high schools. The purpose of this 
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movement does not need any explanation, for it is 
intended to arouse interest and give some training in 
our most fundamental occupation, an occupation which 
should begin to include a far larger number of trained 
workers. The advance made in agricultural educa- 
tion in the schools is indicated by the fact that sixteen 
years ago agriculture was not taught in any high school 
in the United States, and now there are courses given 
in more than two thousand high schools. The chief 
advance has been made during the last four years. 

SUMMABY 

The United States Department of Agriculture has 
organized eight great divisions of scientific work, the 
one most immediately concerned with plant-breeding 
being the Bureau of Plant Industry. The whole range 
of problems that bear any relation to agriculture are 
under investigation. Similar work is in progress at 
sixty-six Agricultural Experiment Stations in the 
United States. The results of this great volume of 
investigation are available to everyone in numerous 
bulletins. 

In this chapter illustrations are given of some of the 
notable achievements of the Bureau of Plant Industry; 
also some account of the current problems relating to 
agriculture, problems dealing with valuable crops, 
forestry, soils, fertilizers, and diseases. 
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CHAPTER XVIII 

THE WOEK OF FOEEIGN STATIONS 

Agricultural experiment stations are numerous in 
Europe, and they are related to a more intensive agri- 
culture than prevails in this country. Plant-breeding 
in most of them has followed the older methods of mass 
culture and hybridizing; in fact, the technic of mass 
selection has been so highly developed in Germany that 
it is commonly spoken of as the *' German method." 
Two stations will be selected as illustrations, stations 
that represent perhaps the most advanced methods and 
whose results are among the most important. One of 
theiii is concerned chiefly with plant-breeding and the 
other with soil problems. 

SWEDISH SEED ASSOCIATION 

This is the official designation of the famous agri- 
cultural experiment station at Svalof, Sweden, under 
the directorship of Dr. Hjalmar Nilsson. This station 
is notable for its practicable application of the most 
advanced knowledge in reference to the laws of 
heredity, and has developed modern methods probably 
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more extensively than any other experunent station. 
Its work was first brought to the general attention of 
plant-breeders in the United States by De Vries, in his 
book entitled '' Plant Breeding " (1907), and untU 
recently this book has remained the only source of in- 
formation, except the station reports, which are all in 
Swedish, and therefore not generally available. In 
1912, however, L. H. Newman, secretary of the 
Canadian Seed Growers' Association, published an 
account of the work at Svalof , based upon a prolonged 
visit. These two accounts supplement one another, for 
De Vries lays emphasis upon the scientific principles 
underlying the methods, and pays scant attention to the 
details of practice; while Newman presents the prac- 
tice in great detail, and has little regard for the 
principles. The chief motive of De Vries was to dis- 
cover, among the operations of the station, facts which 
had a bearing upon his theory of mutation as an ex- 
planation of the origin of species, and, especially, facts 
supporting his conception of elementary species. 
Newman, as a practical plant-breeder, was concerned 
chiefly with the technic of operations that were yielding 
such notable results. 

One of the noteworthy features of the work of 
the Swedish station is that it is chiefly concerned with 
cereals, the great fundamental crops. This is in strong 
contrast with such plant-breeding as is done by Bur- 
bank, for example, which deals for the most part with 
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plants of minor importance. So far as the problem of 
food supply is concerned, which is our most important 
material problem, there is no comparison between the 
importance of cereals and of other crops. 

The history of cereals should be appreciated in con- 
nection with their breeding. They have been cultivated 
from the beginning of civilization; in fact, they are 
often said to have created civilization. Wheat and 
barley are known to have been cultivated by prehistoric 
men; oats were added to the cultivated cereals during 
the period of the lake dwellers; while rye was intro- 
duced into Europe during the Middle Ages. Since corn 
is an American cereal, it does not enter into the work 
of the Swedish station. The significance of this history 
is that in the breeding of cereals races are being dealt 
with that have come down through thousands of years 
of cultivation. During most of this long period, culti- 
vation has involved unconscious selection, and during 
the last century this merged gradually into intelligent 
selection. As a result, the various races are extremely 
mixed, so that breeding experiments must deal with 
material that must be disentangled before definite 
improvements can be made. 

During the last half of the nineteenth century, when 
Darwin's theory of natural selection was dominant, the 
practice of mass selection was naturally emphasized. 
As explained in a previous chapter, this method selects 
all of the best individuals without any attempt to sepa- 
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rate the mixture of varieties and strains. The result 
of such continuous selection is a slow improvement in 
the average of a mixed population. In this way great 
improvements have been secured, but very few new 
things ; in fact, it does not provide for selecting out such 
new things as occur, but merges them with the general 
average. It is evident that by this method alone an 
average may be raised to a certain level, but even the 
best average implies that there are numerous indi- 
viduals better than the average, so that the highest 
standard in sight is not attained. 

The Swedish station was established in 1886 to 
produce and improve seeds, at first for southern 
Sweden and later for all Sweden and Spandinavia. The 
various races of cereals used in Sweden were deteri- 
orating, so that the work of the station was born of 
necessity. That this station has developed into our 
most advanced Experiment Station is due to the char- 
acter and training of its director. With thorough 
scientific training he combined great practical insight 
into the needs of Sweden, so that the program of the 
station has always been purely practical, designed to 
meet the immediate needs of the farmers. It will be 
remembered that the topography of Sweden is ex- 
tremely diversified, so that a wide range of races or 
strains is necessary to meet all the conditions. The 
program of the station, therefore, was to produce races 
best fitted for every cultural condition in Scandinavia. 
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At first the long-approved German method of mass 
selection was used. All hopeful European races were 
imported and used in the endeavor to secure the 
desired races by this method. Improvements of old 
races were secured, but none of the desired new vari- 
eties fitted to the peculiar needs of Sweden were 
obtained. Among the new characters needed for 
Sweden were stiffer stems, which would stand up better 
in wind and rain and diminish the heavy loss that came 
from prostrate and tangled fields of grain. To secure 
this character, as well as other desirable ones, mass 
selection was used to the extreme limit of technic, 
but the results were negative. Of course, some desir- 
able results with various crops were obtained, but in 
comparison with the needs they were negligible. 

Under these circumstances, Nilsson, who became 
director in 1900, turned his attention to pedigree 
culture, a method described in a preceding chapter. 
He discovered that the plant populations he was using 
in mass selection were a motley mixture, although they 
were chosen for uniformity. In connection with his 
selections, he discovered that only the varieties repre- 
sented by single individuals came true. The conclusion 
was that pure cultures must be started from single ears, 
which, of course, means single individuals, rather than 
from a population of selected individuals. From this 
suggestion what were called ** separate cultures," now 
commonly called pedigree cultures, were started. Any- 
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one familiar with the bookkeeping necessary in pedi- 
greeing fine animals will realize the enormous amount 




of bookkeepiag that began with pedigree cultures at 
Svaliif. These records early showed that selected and 
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guarded individuals bred true. For example, out of 
four hundred and twenty-two cultures of oats, made 




FiQ. loa. — Stlff-branclied oats. — After DbVbibs. 



from selected individuals, three hundred and ninety- 
seven of them remained uniform. Accordingly, it was 
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Fig. 107.— OatB with spreading branches. 



found that subsequent selection is not necessary to estab- 
lish the desired variation, but that the initial choice 
is sufficient. 
When the plots of cereals were examined, not as 
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populations but as individuals, the desired races or 
strains began to be discovered (Figs. 105-109), For 




OatB with bendlQK braDches. — After DbVriis. 



example, not only all the desired races of oats became 

available, but many more besides. This selection of 
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individuals that bred true was the fact that impressed 
DeVries the most, since it bore directly upon his con- 
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ception of elementary species. He inferred that there 
was no need of mass selection and no need of hybrid- 
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izing; that all that was necessary to do was to select 
the individual that existed somewhere among the mixed 
populations. 

The operations at Svalof, however, were by no means 
restricted to pedigree culture, as successful as its results 
had proved. It was felt that all methods could be 
used to advantage, and that each method had its own 
particular application. In fact, no one method can be 
regarded as sufficient in plant-breeding, for many more 
things are needed than the selection of an individual 
to breed from. The methods in use at Svalof are in 
effect four in number. 

(1) Pedigree culture is found to be useful in secur- 
ing rapidly a desired variety, if it exists. So far as 
experience has gone, however, all the varieties that seem 
desirable have not been found to exist ready-made. 
Pedigree culture, therefore, can take advantage only of 
such desirable forms as do exist. 

(2) It was found, further, that desirable individuals 
cannot always be recognized by morphological char- 
acters J that is, one cannot go through a field and select 
a desirable individual by looking at it. There are 
physiological differences that are just as important, 
often more important than morphological ones, so that 
desirable individuals must be discovered often by testing 
out. 

(3) So far from abandoning hybridization, the 
Svalof station uses it as an invaluable method of pro- 
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ducing combinations that do not exist otherwise. In 
fact, if the desirable variation does not exist so as to 
be multiplied by pedigree culture, it is hopeful to at- 
tempt to produce it by hybridizing. 

(4) Finally, mass culture is very far from being 
abandoned at Svalof , but is thought to be very useful 
in certain cases. Even when a desirable individual can 
be found and pedigreed, or when a desirable individual 
is produced as a hybrid, it can usually be improved by 
mass selection. 

It is the combination; therefore, of all of these 
methods, applied to different situations, that makes for 
the total success of the operations at Svalof. The most 
conspicuous work being carried on may be indicated 
briefly as follows. 

The need was obvious for an autumn wheat in 
Sweden, which possessed the combination of higher 
yield, stronger straw, and greater disease-resistance. 
This need has been partially met by the breeding ex- 
periments, a number of excellent pure strains having 
been isolated from the current mixtures, and then desir- 
able combinations secured by crossing them. As one 
result, in many districts where rye was the principal 
crop, because the more important cereal could not be 
grown, wheat can now be raised with greater profit than 
rye. 

The spring wheat area in Sweden is a very small one, 
so that spring wheat breeding was undertaken to 
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produce more suitable and profitable varieties for the 
spring wheat districts. This illustrates the considera- 
tion given to relatively small areas that are peculiar in 
their cultural conditions. 

The breeding of oats has represented a very im- 
portant phase of the work at Svalof . It was not ex- 
pected that a single strain suited to all conditions could 
be secured. The desire has been to increase yield, 
quality, strength of straw, resistance to disease, and 
ability to grow vigorously upon a wide variety of soils. 
A great many pure strains have been isolated and ex- 
perimented with, but it will take time to secure all the 
results in view. 

Barley is cultivated chiefly in certain provinces, 
and the station has made great progress in increasing 
the yield and in meeting the varied conditions. 

The breeding of peas, which are chiefly grown as a 
fodder crop, has also been a feature of the station. 
Clover and grass breeding began in 1907, and since 36 
per cent, of the cultivated area of Sweden is devoted 
to fodder crops, including grasses and clover chiefly, the 
problem of these crops has been attacked persistently. 

Another conspicuous work is that of potato-breeding, 
which obviously needed improvement, since the average 
yield per acre in Sweden was much less than that for 
the whole of western Europe. 

These lines of work will indicate how the station has 
fitted itself directly into the pressing needs of Sweden 

319 



FUNDAMENTALS OF PLANT-BREEDING 

rather than undertaken purely scientific problems, or 
practical problems of minor importance. 



BOTHAMSTED 

The famous Agricultural Experiment Station which 
bears this name was established in 1843, and is prob- 
ably the oldest experiment station with continuous 
records. The proprietor of the Rothamsted estate in 
Hertfordshire, England, was Sir John Bennett Lawes, 
an agricultural chemist, who began some experiments 
upon the estate in 1837. In 1840 more extensive field 
experiments were undertaken, and in 1843 he associated 
with him Dr. J. H. Gilbert. This association began the 
real history of the station, and these two investigators 
continued in collaboration for fifty years. At this sta- 
tion, therefore, there are continuous records for almost 
three-fourths of a century, and the records have largely 
to do with soil investigations. In 1856 the experiments 
were enlarged to occupy forty acres, and over that area, 
ever since, the experiments have been going on and the 
records have been kept. In 1889 Sir John Lawes trans- 
ferred his laboratories and fields to a Board of Trustees, 
with an endowment, insuring continuance of the investi- 
gations. 

It is at Rothamsted, therefore, that there is fQund the 
greatest mass of continuous records in reference to soil 
fertility, in existence. These records are of inestimable 
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value in reaching conclusions in reference to various 
soil operations. The mass of records is so large that 
the temptation has always been for a student to dis- 
cover in them data to substantiate his own views. Like 
any other large mass of records, they can be used to 
confirm a great variety of conclusions. The value of 
these records, therefore, consists in their continuity 
through so long a period of time, and their availability 
as a basis of conclusions, rather than in any of the 
conclusions that have been drawn. 

As an illustration of the character and extent of the 
records, the following statements may be made. There 
are rotation records since 1848, showing the effect of 
long-continued crop rotation, not available anyivhere 
else. There are also records of wheat grown on the 
same field continuously since 1844; and this can be 
contrasted with records of wheat alternating with 
fallow conditions since 1851. There is a record of con- 
tinuous barley culture since 1851^ a record of potato 
culture for twenty-six years; a record of continuous 
hay culture since 1856 ; and of root crops since 1845. 

Certain general conclusions may be drawn from these 
records, which have become a part of current belief 
and practice, especially those that have to do with the 
rotation of crops. Furthermore, it is established that 
rotation alone does not maintain fertility, and that if 
dependence were placed upon rotation the yield of most 
of the crops gradually declined. In contrast with crop 
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rotation is the alternation of crops and fallow fields, 
and the records indicate that this cannot be depended 
upon exclusively, since the yield gradually declined. 
The data concerning fertilizers can be interpreted vari- 
ously, and therefore has led to divergent conclusions. 
The chief trouble in reference to such conclusions is the 
effect of various fertilizers which have not been 
analyzed so as to determine whether their effects were 
direct or indirect, or whether they had to do with 
certain soil conditions which do not obtain at all times. 



SUMMABY 

The two foreign experiment stations selected as 
representative are the Swedish station at Svalof, where 
plant-breeding is conducted according to the most 
advanced scientific methods, and the English station 
at Rothamsted,. where chief emphasis has been laid upon 
soil problems. 

The Swedish station is concerned primarily with the 
crops of immediate importance to Sweden, and at this 
station the first extensive use of pedigree culture was 
made. This does not mean that the older methods of 
mass selection and hybridizing have been abandoned, 
for all methods are used as they are found to be useful. 
The advantage of pedigree culture is defined at this 
station as useful in securing rapidly a desired variety 
if it exists; but hybridizing is also used as an invalu- 
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able method of producing a useful variety which does 
not exist otherwise. 

The Eothamsted station is the oldest agricultural 
experiment station with continuous records, having been 
established in 1843. At this station there is found the 
greatest mass of records relating to soil fertility, in 
existence. From these records general conclusions have 
been drawn which have become a part of current belief 
and practice, especially in reference to the rotation of 
crops. 



CHAPTER XIX 

THE SOIL 

Every practical plant-breeder to-day must know 
much more about the soil than was once thought to be 
necessary. To most people the soil is simply a kind of 
dirt from which plants can get food. The recent de- 
velopment of our knowledge of the soil has shown it 
to be a very complex thing in its relationship to plants. 
Whenever advantage is taken of such knowledge as we 
have, the results on plant growth have been remarkable. 
In our ordinary garden and farm operations we have 
been in the habit of breaking up the soil, committing 
seeds to it, and then trusting to nature to do the rest. 
We have depended rather blindly upon the soil as a 
natural resource, much as a mine, which needs no 
special cultivation. 

The new knowledge, in reference to the soil, has been 
applied in Europe more generally than in the United 
States, and the results are already apparent. When it 
is known that the average wheat yield in the United 
States is thirteen bushels an acre, and that the average 
yield in Europe has become thirty-three bushels an 
eicre, it becomes apparent that the application of our 
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knowledge of the soil is worth while. The Americans 
have accustomed themselves too long to the idea of their 
boundless resources. They must now begin to use some 
intelligence, so that our resources will show a much 
larger yield. Even though the United States is about 
^ the youngest large country in cultivation, we hear 
already of ** worn-out'' farms, especially in New 
England. To say that farms can be worn out in fifty 
or one hundred years is merely to say that they have 
not been farmed intelligently. When it is known that 
successful agriculture has been conducted continuously 
in Palestine for thousands of years, in a relatively 
sterile country, and that the farms are not worn out 
there yet, it shows that something is wrong with 
American farming. The best approach to some know- 
ledge of the relation of soil to plants is to consider first 
what plants need, and then what the soil supplies. 



WHAT PLANTS NEED 

It is not necessary to attempt to give the needs of 
plants in order of importance. All of the real needs 
of a plant are important. 

Oxygen. — Of course, plants need the oxygen of the 
air for the same reason that animals need it, and it is 
evident that it is supplied in abundance for the parts 
above ground, wherever plants are cultivated. The 
important thing to remember, therefore, is that there 
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are living and working parts of the plant imbedded in 
the soil, and most plants are started by seeds buried 
in the soil, and here the problem of free oxygen supply 
calls for our help. If the soil spaces are filled with 
water the air is excluded ; if the soil is packed too firmly 
the air cannot circulate; or if there is top much clay 
the "air is not free to move. All such conditions must 
be remedied if plants are to do well. The water must 
be drained off; the soil must be loosened up, and the 
impervious clay must be mixed with something that will 
give a looser texture to the soil. One of the most 
common blunders in planting seeds where artificial 
water is employed is to use too much water, so that 
plants are in a *' puddle " and the air is excluded. 

Light. — ^It is well known that the plants we cultivate 
need light, but this does not mean that bright sunlight 
is necessary. Very ordinary light seems to be sufficient. 
It is evident, therefore, that cultivated plants are not 
likely to lack light. The danger that comes to plants, 
however, is not from lack of sufficient light so much as 
lack of the presence of certain active rays of light used 
by plants in the manufacture of food. When light 
passes through smoke, its usefulness to plants is very 
much diminished, and this becomes a serious problem 
in the neighborhood of factories and in smoky towns 
and cities. When light has passed through leaves, the 
necessary active rays have disappeared entirely, so that 
plants cannot grow completely shaded by other plants. 
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It is a wise thing, therefore, to see to it that plants 
under cultivation are not densely shaded by other 
plants. 

Heat. — The favorable condition of temperature varies 
for different plants, and for the different periods of the 
same plant. In general, a lower temperature is more 
favorable for a seedling than for a maturing plant, 
and this fact is recognized in the spring sowing and 
summer harvesting of ordinary crops. The variation 
in the temperature requirement of different seedlings 
also explains why some seeds are planted earlier than 
others. The successful extension of crops into different 
latitudes has depended upon securing varieties with 
different temperature ranges. For example, during 
the last ten years the agricultural experiment stations 
of Canada, by cooperative effort, have succeeded in ex- 
tending the wheat belt northward approximately a 
degree of latitude each year, which in that country 
means a tremendous extension of area each year. The 
results of passing beyond the best temperature range 
in either direction are soon obvious in a plant. If the 
temperature is low, the plant grows very slowly; if it 
is too high, the plant usually becomes tall and slender; 
and in both cases its lack of vigor is shown by the fact 
that it is unusually subject to disease. 

Water. — Water is not only the necessary condition 
for plant work, but also a necessary material used in 
the manufacture of plant food. The active plant body 
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is really saturated with water, and the living substance 
(protoplasm) cannot work effectively unless it contains 
an abundance of water. In addition to the water that 
puts a plant in working condition, a much smaller 
amount is used in the manufacture of carbohydrates 
(sugars and starches) by the leaves. A saturated plant 
exposed to the air means a continual loss of water from 
its free surface, and notably from its leaves. This loss of 
water must be made good by the continual entrance of 
the water of the soil into the roots, so that there is a con- 
tinual movement of water through the plant. When 
the loss of water exceeds the supply, the immediate 
effect on the plant is seen in its wilting. In the case 
of large field crops there is no control of the water 
supply, and the farmer takes his chances that the 
rainfall will be adequate; but in gardens it is usually 
possible to supplement a failing water supply, and also 
in regions of irrigation the water supply is under con- 
trol. In all cases where water is supplied in some way, 
it is necessary to learn the needs of the crop. Generally 
too much water is supplied, which injures both the 
plant and the soil. It should be known also that the 
amount of water required varies with the period of the 
plant. For example, more water is needed during the 
growth of the plant than during either seed germina- 
tion or ripening. The problem, therefore, is not merely 
to induce plants to grow by just keeping them from 
wilting, but to enable them to grow vigorously. Too 
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little water during the growing period results in smaller 
leaves and less work; while a supply of water that 
favors vigorous growth, if continued too long, will delay 
ripening. 

Carbon dioxide. — Carbon dioxide must be ranked 
with water as of first importance, because these two 

9 

materials are the ones used in the manufacture of 
carbohydrates. Since carbon dioxide enters the plant 
from the air, its supply is usually sufficient, and in any 
event there is nothing to do in the way of regulating 
the supply. 

Soil salts.— Probably chief among the materials ob- 
tained from the soil (excluding water) are the com- 
pounds of nitrogen. Although nitrogen forms a very 
large part of the air, it cannot be used by plants in its 
free condition, but must be obtained from certain of its 
compounds, chief among which are the nitrates. It is 
evident, therefore, that nitrates must exist in the soil 
if plants are to grow, and that if they become insuffi- 
cient for any reason they must be restored. The nitrates 
may not only be insufficient in amount, but they may 
be excessive in amount, so that too much, as well as too 
little, is injurious to the crop. This fact applies to 
most things that plants need, which cultivators do not 
appreciate fully. 

Numerous other salts are needed by plants in one 
way or another, as compounds of phosphorus, sulphur, 
potassium, calcium, magnesium, iron, etc. What these 
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substances enable the plant to do is known in some 
cases, but in others the particular use has not been 
discovered. 

Toxic substances. — Of course these are not what 
plants need, but they may be considered in this con- 
nection. It is not only necessary to determine whether 
the soil contains the substances plants need, but also 
whether it contains substances injurious to the plants 
we wish to cultivate. For example, a soil may contain 
too much acid or too much alkali, and must be treated 
accordingly. Compounds of metals getting into the 
water supply in the waste products drained away from 
industrial establishments may be very injurious to 
plants. Gases of various kinds diffused through the air 
from manufacturing establishments are often very 
destructive to plants, or prevent vigorous growth. 

Limiting factors. — ^In cultivating plants we are not 
dealing with one condition or one substance, but with 
a complex of conditions and substances. These may be 
spoken of as factors that have to do with successful 
plant growth. It is a very common mistake to suppose 
that, if some one factor is supplied, plants will do well. 
For example, some will say that a proper water supply 
will insure good plants; others will claim that a supply 
of nitrates is all that is necessary for plants to do well ; 
while others insist that if phosphates are supplied all 
will be well. From this point of view a great number 
of so-called *' fertilizers" have been devised, each claim- 
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ing to supply all plants with whatever they need. It 
must be evident that any factor, or even several factors, 
may be favorable, and yet the plant cannot do well 
if any one necessary factor is unfavorable. In other 
words, a plant cannot do any better than the most un- 
favorable factor permits, and such a factor is called 
a limiting factor. For example, the necessary nitrates 
may be supplied, but if the water supply is too scanty 
or too abundant, the water is a limiting factor, and the 
nitrates cease to be serviceable. In another case the 
water supply may be just right, but if the nitrates are 
not just right they are a limiting factor and impede 
the plant, in spite of a good water supply. In this way 
each factor in turn may become a limiting factor. 

Any one of the half dozen or more factors, therefore, 
may be a limiting factor, and it is the limiting factor 
that determines the success of a plant. It is like a 
group of men walking. The group as a whole advances 
no more rapidly than the slowest walker. In other 
words, the slowest walker is the limiting factor. When 
plants are not doing well, therefore, the course to 
pursue is not to apply some treatment that is claimed 
to be a ** cure-all,'' but to discover, if possible, the 
factor that is holding back the usefulness of the numer- 
ous factors that are all right. A plant that is not 
doing its best is like a train moving with brakes set, and 
the thing to discover is the factor that is acting as a 
brake. 
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WHAT THE SOIL SUPFUES 

The structure of the soil must be considered from 
three aspects: chemical, physical, and biological. 

Chemistry of the soil. — The soil is a mixture of va- 
rious substances that have come from various sources. 
The ordinary material and the relatively permanent 
material has come from rocks in various ways. When 
it began to be covered with vegetation, the plants con- 
tributed their bodies to the mixture, and so there was 
a slow accumulation of humus, which gave a dark color 
to the soil mixture. The differences among soils are 
brought about by the various proportions in which 
these substances occur in the soil mixture. Soils are 
spoken of as sandy soils, clay soils, lime soils, humus 
soils, etc., because they are rich in sand, clay, lime, 
humus, etc. It should also be remembered that these 
numerous substances react upon one another in ways 
that are intricate and poorly understood, so that the 
soil in this respect may be thought of as a chemical 
laboratory where work is going on continuously. 

Physics of the soil. — The physical properties of the 
soil are extremely important, and it is a subject of 
great difficulty on account of the complex mixture. One 
of the most important physical properties of the soil 
is its relation to water. In fact, the capacities of soils 
to receive water and to retain it in an available condition 
for plants is the most obvious physical feature that 
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cultivation of the soil seeks to control. A simple illus- 
tration of the problems involved may be used in the 
case of the clay constituent of the soil. A certain 
amount of clay interferes with the free movement of 
water, and therefore prevents it from draining away 
too rapidly. It thus increases the retentive power of 
the soil, but an excessive amount of clay interferes 
too much with the movement of water and results in 
a water-soaked soil, which excludes the air. 

The humus of the soil greatly increases its water- 
holding capacity. In fact, a forest soil, in general the 
best example of a humus soil, has the physical proper- 
ties of a sponge in receiving and retaining water. 

Biology of the soil. — The soil has been called a bio- 
logical laboratory because it contains multitudes of ex- 
ceedingly minute plants (chiefly bacteria) and animals. 
The bacteria of the soil have come to be recognized as 
most important agents for putting the soil in proper 
condition for such plants as we cultivate. Bacteria are 
active in all decompositions of organic material, which 
is thus reduced to substances which plants can use. 
Conspicuous among their activities, however, is their 
relation to the nitrogen supply of the soil. Certain 
bacteria can use free nitrogen of the air, and in this 
way the nitrogen enters into compounds that cultivated 
plants can use. It is evident that, since plants must 
always have a nitrogen supply from the soil, this work 
of the nitrogeu-fixing bacteria is of the first importance. 
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In removing crops, the nitrogen compounds obtained 
by the plants from the soil are removed also, and if 
there were no way of restoring these compounds the 
soil would sooner or later become so impoverished that 
it could not produce a good crop. In other words, it 
would result in a nitrogen famine. If a field has 
become reduced to the point of a nitrogen famine it 
may be restored to usefulness by resting for a time until 
the bacteria have restored the nitrogen compounds. The 
resting of a field, that is, not working it for a crop, is 
called letting the field **lie fallow." 

The restoration of nitrogen compounds in this way, 
however, is usually too slow a process for our purpose. 
A much more rapid way is by means of the ** rotation 
of crops." It is found that soil is kept in much better 
condition as to nitrogen if the same crop is not grown 
continuously upon it. Crops vary as to their wasteful- 
ness of nitrogen, so that if a crop that removes a 
minimum amount of nitrogen compounds alternates 
with a crop that removes the maximum of these com- 
pounds, a nitrogen balance may be maintained by the 
bacteria. By far the most effective rotation is secured 
by using leguminous plants as the alternating crop, 
notably the clovers and alfalfa, for these plants add 
nitrogen compounds to the soil, through their peculiar 
association with nitrogen-fixing bacteria. 

Conclusions. — There are some conclusions that follow 
from a consideration of these three aspects of the soil 
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that should be mentioned at this point. , The preceding 
paragraphs have given only a glimpse of the complexity 
of the soil, with its chemical constituents, its physical 
properties, and its active bacterial life. It is a great 
complex, in which changes are always taking place, 
and which can be thrown out of balance in a number of 
waj'S. Left to itself and to natural vegetation, the 
soil becomes better for plants with each succeeding 
year, but, interfered with by man, it frequently gets 
into bad condition. This is notably true when attempts 
are made to remedy unknown troubles by using un- 
known fertilizers, especially unknown chemicals, which 
are as dangerous to the soil in the hands of inexperi- 
enced people as are strong medicines in the hands of 
the untrained. It is obvious that any efficient manipu- 
lation of the soil, especially in adding materials to it, 
requires experience and considerable knowledge. 

Tillage. — ^AU of the processes included in ''breaking 
up" the soil come under the head of tillage, the purpose 
of which is to put the soil into the best possible physical 
condition. The breaking-up of the soil for planting 
seeds is known to everyone, but its purpose is not 
widely understood. Many suppose it is only a way 
of getting seeds into the ground, but that is the least 
important of its purposes. Its real purpose is to pul- 
verize the soil because finely pulverized soil is in the 
best physical condition for plants to secure a good 
circulation of air, which is essential to the best plant 
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growth, and to enable the soil to hold a much larger 
amount of moisture. The smaller the soil particles, and 
the closer together they are, the more water will the 
soil hold. The capacity of the soil for water, therefore, 
is in proportion to the minuteness of its particles. This 
combination of small particles and free circulation of 
air is an ideal combination for productive soil. Of 
course, pulverizing the soil also improves its drainage, 
and so permits free circulation of air. 

After the soil is well pulverized and the seeds are 
sown, the work of tillage is not at an end. The physical 
conditions that favor germinating seeds also favor grow- 
ing plants; therefore, the soil must be kept in good 
physical condition. An additional advantage of tillage 
to growing plants is the conservation of moisture. 
Water not only drains away from the soil, but it also 
evaporates from the surface. If the surface becomes 
caked it must be broken up and pulverized, so that the 
soil can get a new grip on the water, or the loss will 
be serious. Tillage, therefore, checks evaporation as 
well as loss by drainage. In fact, in dry farming it 
has been found that a shallow pulverized layer of soil 
acts like a ** mulch "in checking evaporation. 

It must not be thought that the only water available 
for plants is that which is held by the soil particles with 
which their roots come into contact. A most important 
fact is the capillarity of the soil. This means that 
when films of water held by the soil particles become 
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thinner because some of the water has entered the roots, 
there is a rearrangement of the water in. all the neigh- 
boring films. Water is pulled away from a thicker 
film to a thinner one, and this starts a movement of 
water from every direction toward the thinijer films. 
Therefore, as water is lost from the soil by evaporation 
or by passing into root systems, there is a movement 
of water toward the surface from the deeper parts of 
the soil. This is the so-called capillary movement of 

water. The available water for plants, therefore, is all 
the water in the neighborhood that is free to move 

through the soil. 

It is a very common mistake to suppose that the only 
soil salts available are those with which the roots come 
in contact. What has been said concerning the capil- 
lary movement of water through the soil should correct 
this impression. The moving water contains the salts 
in solution, and therefore the salts are also moving 
toward the surface continually and being deposited in 
the surface soil. It must be remembered that this 
movement is not only toward the points where the 
water and salts are entering the plants, but also 
toward the general surface from which the water is 
being evaporated. This means that the salts available 
for plants are not only those which happen to be within 
the surface soil at a given time, but also all that are 
within reach of the water movement. 

There is a general impression that if a sample of 

337 



FUNDAMENTALS OF PLANT-BREEDING 

soil be sent to a chemist to analyze, he can discover 
what it lacks and prescribe a suitable fertilizer. If the 
statements of the preceding paragraphs are true, it is 
evident that no such chemical analysis can tell what 
the soil %i. any farm needs. In the first place, the appro- 
priate materials are found in all soils upon which 
natural vegetation can grow. Soil is a variable 
mixture and there is no fixed standard that determines 
the best mixture. In the second place, the immediate 
need of any soil is to be put in proper physical con- 
dition, and what is necessary to accomplish this can be 
told only by an examination of the area; it certainly 
cannot be told from a sample. 



SUMMABY 

There is great need to take advantage of all the in- 
creasing knowledge in reference to the soil. "Where 
this knowledge has been applied the yield has been 
increased remarkably. To treat the soil as a natural 
resource, to be drawn upon but not conserved, is a 
reckless waste. 

From the soil, plants obtain water, which is necessary 
to keep them in working condition, and is also a mate- 
rial used in the manufacture of carbohydrates. Certain 
salts of the soil are also necessary, chief among which 
are nitrates, phosphates, sulphates, potash, and lime. 

In the soil there may also exist toxic substances ; that 
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is, substances injurious to cultivated plants. For 
example, a soil may be too acid or too alkaline, so that 
it must be neutralized. 

No single factor can determine that a plant will do 
well. No matter how many factors are right, a plant 
can do better than its most unfavorable factor permits. 
Such a factor is called a Undting factor. When plants 
are not doing well, therefore, there is no ** cure-air' 
which will remedy the situation ; but the limiting factor 
must be discovered and treated. This means that a diag- 
nosis of the soil trouble is of the same scientific order as 
the diagnosis of a human disease, and that prescriptions 
must vary according to the limiting factor. 

The soil is a very complex mixture, with its chemical 
constituents; its physical properties, especially those 
relating to its capacity for receiving and retaining 
water; and its microscopic flora and fauna, very essen- 
tial for keeping the soil in condition. Anything that 
disturbs this chemical, physical, and biological balance 
may modify the soil very unfavorably for plants. / 

Tillage consists in putting and keeping the soil in the 
best physical condition. The best physical condition is 
a finely pulverized soil, for pulverization increases the 
water-holding capacity, checks the loss of water by 
evaporation from the surface, and secures good drain- 
age and free circulation of the air. 

As water of the soil passes into plants, and evapo- 
rates from the free surface of the soil, there is a capil- 
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lary movement of water through the soil toward the 
regions of loss. It follows that the water available for 
plants is not only that in immediate contact with their 
roots, but also the whole supply of water that is free 
to move through the soil. 

The capillary movement of water toward the surface 
of the soil is also the occasion of the movement of soil 
salts in solution. These salts are continually moving 
toward the surface of the soil, where they are deposited 
as the water evaporates. The salts available for plants, 
therefore, are not merely those in the soil which the 
roots occupy, but all those within reach of the capillary 
movement of water. 

No chemical analysis of the soil can determine its 
needs, which are usually related to its physical con- 
dition. The needs of a soil can no more be diagnosed 
apart from its habitat than the needs of a sick person 
can be diagnosed in the absence of the patient. 

It will be necessary to train a race of professional 
soil experts, whose function will be fully as scientific, 
and far more important, than the function of 
physicians. 
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